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Abstract 
 
  Catastrophic caldera-forming eruptions eject a large volume of felsic 
magma with several hundreds to thousands km3 in geologically short period 
and generally form calderas in the source regions, which show the feature 
different from smaller-scale eruptions. Therefore, we must clarify the genesis 
of a large volume of felsic magma in order to understand the most 
catastrophic volcanism. In this study, the magma generation process of a 
large volume of felsic magma at the 7.3 ka Kikai-Akahoya eruption ( >500 
km3) were examined on the basis of major and trace element compositions 
and Sr isotopic ratios of plagioclase phenocrysts in its ejecta, determined by 
EPMA and LA-ICP-MS. 
  Kikai-Akahoya eruption occurred at 7.3 ka is the latest catastrophic 
caldera-forming eruption in the Japanese Archipelago. Kikai caldera formed 
by this eruption is located to the south of the Kyushu Island, SW Japan. Two 
islands, Take-shima and Satsuma Iwo-jima, are the subaerial parts on the 
northern rim of this caldera. The fall and pyroclastic flow deposits at this 
eruption contain mainly dacitic to rhyolitic pumices. A small amount of 
andesitic scoriae and banded pumice is also recognized in the proximal 
pyroclastic flow deposits. In order to clarify the genesis of voluminous felsic 
magma at Kikai-Akahoya eruption, the mechanism in which two 
compositional different magmas bearing pumices and scoriae were generated 
must be considered. Plagioclase microanalysis in pumices and scoriae was 
able to clarify the geochemical difference between two magmas. 
i 
  Plagioclase cores in pumice show substantially homogeneous 87Sr/86Sr 
(0.7047 – 48) regardless of a wide range of anorthite content (An37-88). On 
the other hand, plagioclase cores with An55-84 from scoriae show a wider 
range of 87Sr/86Sr (0.7044 – 48) than those of pumice. At three endmember 
melt: mantle-derived mafic melt, crustal mafic and felsic melts, was able to 
be identified by the correlations of 87Sr/86Sr and Sr concentrations for melt 
in equilibrium with plagioclase cores in pumices and scoriae, which were 
calculated by using partition coefficients between plagioclase and melt. The 
Sr and Ba behavior in melt and geochemical modeling using calculated 
results of the rhyolite-MELTs program strongly suggests that the main 
voluminous crustal felsic melt was able to be generated by partial melting of 
the lower crustal rock at lower degree of partial melting. The modelling also 
exhibits that crustal mafic melt can be generated by fractional 
crystallization under pressure 4 – 6 kbar and H2O-saturated condition from 
the original crustal mafic melt at the higher degree of partial melting. The 
crustal melts ascend and form a voluminous zoned magma chamber in the 
upper crust. Mantle-derived melt can be interpreted as residual mafic melt 
by crystallization of mantle-derived basaltic magma which melted the lower 
ii 
crust. Injection of mantle-derived melt into the voluminous zoned magma 
chamber consisting of two crustal melts may triggered off catastrophic 
caldera-forming eruption.  
iii 
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Chapter 1: Introduction 
 
  Catastrophic caldera-forming eruptions eject large volume of felsic magma 
with several hundreds to thousands km3 in geologically short period and 
generally form calderas in the source regions. Once this eruption occurs, 
large volume of pyroclastic flows and wide-spread tephra will cause us great 
damage or hardship. Understanding the largest-scale volcanism on Earth is 
important for our future and advance of volcanology. In order to understand 
catastrophic caldera-forming eruption, we need to gain an appreciation of the 
genesis of voluminous felsic magma and the evolution of the 
magma-plumbing system beneath volcanoes leading to catastrophic 
caldera-forming eruption.  
 
1-1 Catastrophic caldera-forming eruption 
 
  Catastrophic caldera-forming eruptions produce the volume of more than 
100km3 of tephra and form calderas in the source regions. Tatsumi and 
Suzuki-Kamata (2014) exhibited that the magnitude and frequency 
relationship was statistically different between catastrophic caldera-forming 
eruptions (M ≥ 7) and smaller eruptions (M ≤ 5.7) for events < 120 ka in the 
Japan arcs and suggested that the different mechanisms controlled these 
eruption: caldera-forming eruptions and summit eruptions. The eruption 
magnitude (M) is defined as the total mass (kg) of erupted magma (M = log m
2 
 
－7) (Hayakawa, 1993). 
In Japan, catastrophic eruption (M ≥ 7) concentrated in Hokkaido, the 
central to southern Kyushu (Fig. 1.1). Some calderas were formed by several 
times of catastrophic eruption (e.g. Aso, Kikai and Kutcharo calderas).  
These regions show low crustal strain rates, suggesting that under such a 
tectonic regime the viscous silicic melts can readily and effectively ascend 
and be accumulated in the crust (Takahashi, 1995, Tatsumi and 
Suzuki-Kamata, 2014).  
 
 
Fig. 1.1. The distribution of calderas formed by catastrophic eruptions (M ≥ 
7) in the Japan arcs after 120 ka. Aso, Kikai and Kuttcharo caldera were 
formed by a few catastrophic eruptions after 120 ka.  
: The direction of subduction of the plates 
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1-2 Voluminous felsic magma reservoir 
 
Catastrophic eruptions commonly discharge voluminous felsic magmas. 
Such a large volume of felsic magma needs to be stored in the crust before 
catastrophic eruptions. Bachmann and Bergantz (2008) defined a “magma 
chamber” as a continuous region in which eruptible magma with crystal 
fraction of < 50 % is stored, and referred to a rigid or semi-rigid magma 
composed of a framework of touching crystals and interstitial liquid as  
“crystal mush”. Magma chambers and mushes together form “magma 
reservoirs” (Bachmann and Bergantz, 2008). In this thesis, these definitions 
are applied. 
The crystal mush is formed by cooling and crystallization of magmas in 
contact with lower temperature of surrounding crust (Geshi, 2016). When 
the crystallinity in the magma chamber is lower and the viscosity is lower, 
the magma chamber melts the surrounding crustal rock and mixes these 
melts into magma chamber due to heat transfer by heat convection, resulting 
in rapid drop of the temperature in the magma chamber (Koyaguchi and 
Kaneko, 1999). With increasing crystallinity, heat convection is constrained 
and heat conduction slowly cools the magma chamber. Crystal mush is the 
zone of higher crystallinity under constricted heat convection.  
  Crystal mush requires the supply of high temperature of basalt in order to 
change eruptible magma. Burgisser and Bergantz (2011) proposed the model 
of remobilization. In this model, high temperature magma inject into crystal 
mush and it is emplaced under the crystal mush, leading to zoned magma 
4 
 
chamber. At the beginning of the reheating, a layer forms by conductive 
melting of the overlying mush until it reaches a critical thickness at which 
convection starts within the now-mobile layer. The thickening mobile layer 
causes Rayleigh–Taylor instabilities. As a result, the magma chamber 
entirely stirs. 
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1-3 Voluminous felsic magma genesis in catastrophic caldera-forming 
eruption 
 
The generation of voluminous felsic magma is widely attributed to partial 
melting of older crustal rocks. Hildreth (1981) showed that wide 
compositional gaps were common features of large eruptions, and suggested 
that mantle derived magmas supplied heat and mass to crustal systems that 
evolve a variety of composition ranges. Huppert and Sparks (1988) suggested 
that basalt sills in hot crust can generate voluminous silicic magma layer: a 
500 m basalt sill with crustal melting temperature of 850 ℃ generated 
silicic magma layer with ranges from 300 to 1000 m for country rock 
temperature from 500 to 850 ℃. Annen and Sparks (2002) simulated the 
repetitive intrusion of basalt sills into the deeper parts of the crust. Annen et 
al. (2006) developed the concepts proposed by Annen and Sparks (2002) and 
considered the full range of possible mechanisms of melt generation in the 
hot zone, including residual melt from basalt crystallization and partial 
melting of surrounding crustal rocks. In this model, mantle derived hydrous 
basalts emplaced as a succession of sills into the lower crust generate a deep 
crustal hot zone. The hot zone can generate residual H2O-rich melt by partial 
crystallization of sills and partial melting melts of pre-existing crustal rocks. 
Heat and H2O transfer from the crystallizing basalt promote partial melting 
of the surrounding crust, and Mixing of residual and crustal partial melts 
leads to diversity in compositions. 
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1-4 Previous works for catastrophic caldera-forming eruption 
 
  The best-studied catastrophic caldera-forming eruption is Bishop Tuff 
(~600 km3) at 760 ka with the formation of the Long Valley caldera, 
California (e.g. Hildreth, 1979, Hildreth and Wilson, 2007). Field, 
mineralogic and chemical evidence suggested that Bishop Tuff was tapped 
from the thermally and chemically zoned magma chamber (Hildreth, 1979). 
Pre-caldera rhyolitic lavas (~50 km3) in 1.2 – 0.79 Ma at the Long Valley 
region are chemically indistinguishable from early erupted Bishop Tuff (e.g. 
Halliday et al., 1989). ~100 km3 of post-caldera rhyolite erupted after Bishop 
Tuff are indistinguishable from later phases of Bishop Tuff for most chemical 
and isotopic compositions (Heumann and Davies, 1997, Hildreth, 2004). 
These facts suggested that the large silicic magma system from which 
Bishop Tuff erupted had been formed at ~1.2 Ma, and the voluminous 
post-caldera rhyolite had erupted from the residual magma chamber 
(Hildreth, 2004). Hildreth (2004) concluded that voluminous high-silica 
rhyolites represented crystal-poor melt which was extracted from mush of 
dacitic to rhyodacitic bulk composition (Fig. 1.2) and formation of the 
voluminous mush can be concerned with crustal melting driven by 
mantle-derived mafic magma. 
  Kikai-Akahoya eruption (>170 km3) at 7.3 ka is the latest catastrophic 
caldera- forming eruption in the Japanese Archipelago (Machida and Arai, 
2003). It occurred at Kikai caldera to the south of the Kyushu Island, SW 
Japan. The voluminous post-caldera felsic magmatism like Long Valley 
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caldera formed a giant lava dome (~32 km3) in the center of Kikai caldera 
(Tatsumi et al., 2018). Different trend for SiO2 vs K2O between post-caldera 
and Kikai-Akahoya eruption suggest that voluminous felsic magma newly 
has been produced in a short period of time since 7.3 ka (Tatsumi et al., 2018). 
Therefore, Kikai caldera is suitable for finding the cause of the differences 
between catastrophic caldera-forming eruption and the formation of giant 
lava dome. However, the voluminous felsic magma genesis and the evolution 
of large felsic magma system for Kikai-Akahoya eruption has not been clear 
yet. 
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Fig. 1.2. Schematic cartoon represented the Long Valley caldera systems 
(Hildreth, 2004). Xp = crystal-poor (0 – 5 %), xm = intermediate crystal 
content and xr = crystal-rich (15 – 55 %). Black dikes and lenses represent 
the mantle-derived mafic magma. Upper cartoon depicts Bishop Tuff 
reservoir, and lower cartoon depicts pre-caldera magma system. 
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1-5 Purpose of this study 
 
  This study focuses on the genesis of large volume of felsic magma in the 7.3 
ka Kikai-Akahoya eruption which occurred to the south of the Kyushu Island, 
SW Japan. It is the latest catastrophic caldera-forming eruption in the 
Japanese Archipelago and formed Kikai caldera in the source.  
  This thesis reviews geological background and previous petrological 
works on Kikai caldera in chapter 2 and take up a problem to resolve. 
Analytical samples and technique are summarized in chapter 3. In chapter 4, 
I focus on Kikai-Akahoya eruption and discuss the generation process of 
large volume of felsic magma in terms of geochemical characteristics of 
plagioclases. Chapter 5 is the summary and conclusion. 
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Chapter 2 : Geological background  
 
2-1 Kikai caldera 
 
  Kikai caldera is located in the southern extension of the Kagoshima 
graben, where some huge calderas are distributed in line, in the East China 
Sea to ~40 km south from the southernmost Kyushu Island, SW Japan (Fig. 
2.1. a and b). This caldera lies on the volcanic front of the SW Japan arc that 
is built by subduction of the Philippine Sea plate at the Nankai trough and 
Ryukyu trench. Two islands, Take-shima and Satsuma Iwo-jima, represent 
subaerial parts on the northern rim of this submarine caldera with 
topographically a double-caldera structure, the outer and inner calderas 
having 24×19 and 17×15 km (major and minor axes) (Fig. 2.1. c ) (Tatsumi 
et al., 2018). It is suggested that the inner caldera may have collapsed by the 
latest 7.3 ka Kikai-Akahoya eruption based on the following two lines of 
seismic evidence (Tatsumi et al., 2018). Firstly, a thin post-caldera sediment 
layer is underlain by a thick (~30 m) layer likely to be 7.3 ka ignimbrites 
deposited on both the inside and outside of the caldera, and secondly, the 
central dome situated within the inner caldera is not displaced by faults 
along the inner caldera rim, implying that the doming event took place after 
the collapse of inner caldera (Tatumi et al., 2018). There is no evidence 
suggesting that the outer caldera collapsed by older catastrophic 
caldera-forming eruptions, and therefore timing of the outer caldera 
formation has been unknown. 
11 
 
 
 
Fig. 2.1. (a) The red square shows (b). VF: Volcanic Front, PHS: Philippine 
Sea Plate, EU: Eurasia Plate, NA: North American Plate, PAC: Pacific Plate. 
The arrows show the directions of subduction of plates. (b) The location of 
Kikai caldera and the distribution of calderas in the southern Kyushu, Japan. 
The red triangles show active volcanos. (c) Topographic data are from 
Tatsumi et al. (2018). Inner and outer caldera rims are shown by solid lines. 
(a) (b) 
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2-2 Eruption history in Kikai caldera area 
 
  Volcanic activities in Kikai caldera area began with forming at least three 
mafic small stratovolcanoes which consist of accumulation of thin lavas and 
pyroclastic rocks: Magomeyama and Takahirayama in Take-shima and 
Yahazuyama in Satsuma Iwo-jima (Fig. 2.2 and Table. 2.1). Although ages of 
these mafic volcanic eruptions still have not been clear, paleomagnetic 
direction indicated that these activities had taken place after ~0.7 Ma (Ono 
et al., 1982). Thick felsic lava flows are distributed in Takeshima (Akazaki 
and Abiyama lavas) and Satsuma Iwo-jima (Nagahama lava) (Ono et al., 
1982). Akazaki lava with thickness of up to 60 m consisting of the lower part 
in the western Take-shima (Ono et al., 1982) have zircon U-Pb ages of 0.18±
0.03 Ma (Ito and Uesawa,2017). Abiyama lava composes the upper Mt. 
Abiyama  in southern Take-shima. Nagahama lava with thickness of up to 
80 m consists of caldera wall in the western Satsuma Iwo-jima (Ono et al., 
1982). Although there are no absolute ages of Nagahama lavas, it was 
suggested that Nagahama lava might have erupted before ~7.3 ka 
Kikai-Akahoya eruption based on stratigraphic succession (Kobayashi et al., 
2005). 
At least three voluminous pyroclastic flows, Koabi, Nagase and 
Takeshima-Koya at ~140, 95 and 7.3 ka, respectively, were outflowed. In 
Takeshima, Koabi pyroclastic flow erupted at ~140 ka (Machida et al., 2001), 
with a thickness of 40 to 100m, is welded tuff composed of a number of flow 
units (Ono et al., 1982). Nagase pyroclastic flow with white pumice 
13 
 
containing quartz, which erupted at ~95 ka Kikai-Tozurahara eruption with 
estimated volume of >150 km3 (Machida, 1999), is distributed in Take-shima, 
but is not recognized in Satsuma Iwo-jima. Andesitic Komoriko tephra group 
with the 14C age of 16-9 cal ka (Okuno et al., 2002) is exposed in both 
Take-shima and Satsuma Iwo-jima (Ono et al., 1982). Kikai-Akahoya 
eruption at 7.3 ka is described in more detail in the next section 2.3. 
The Post-caldera stage activities after Kikai-Akahoya eruption have 
mainly taken place in Satsuma Iwo-jima and inside caldera (Fig. 2.3). In 
Satsuma Iwo-jima, felsic old Iwo-dake activity started at 6.0 cal ka BP 
(Okuno, 2002), followed by mafic Inamura-dake activity in 3.6-3.0 cal ka BP 
(Okuno, 2002). Felsic young Iwo-dake activity started again at 1130±40 yBP 
(Kawanabe and Saito, 2002). Inamura-dake activity formed scoria cone and 
erupted three lava flows: South, East and Isomatsuzaki lavas (Maeno et al., 
2002). Iwo-dake activity erupted some pyroclastic flows and lava flows 
(Maeno et al., 2002). The latest activity forming Showa Iwo-jima composed of 
rhyolite lavas in this caldera volcano took place in 1934-1935, 2 km east of 
Satsuma-Iwo-jima on the seafloor (Fig. 2.2.c). Intra-caldera volcanic 
activities at the Post-caldera stage formed a giant central rhyolite lava dome 
with an estimated volume of ~32 km3 in the central Kikai caldera (Tatsumi 
et al., 2018). The ages of a giant central lava dome, Yakurose and Uze are 
unknown. 
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Fig. 2.2. Geological map of Satsuma Iwo-jima (a) and Take-shima (b) after 
Ono et al. (1982). 
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2-3 Kikai-Akahoya eruption at 7.3 ka 
 
Kikai-Akahoya eruption occurred at 7.3 ka is the latest catastrophic 
caldera-forming eruption with an estimated volume of ~170 km3 (Machida 
and Arai, 2003) in Japanese Archipelago. Kikai-Akahoya eruption was 
commenced by plinian pumice-fall, intraplinian flows, followed by climactic 
pyroclastic flow and co-ignimbrite ash (e.g. Ono et al., 1982; Maeno and 
Taniguchi, 2007).  
Plinian pumice-fall deposits have been called “the Koya pumice fallout” (Ui, 
1973) for the distal Kyushu Island, or “Funakura pumice fallout” (Ono et al., 
1982) for the proximal island (hereinafter called “Funakura pumice fallout”). 
Funakura pumice fallout composed of highly vesicular white pumice has 
distribution axis toward northeast from Kikai caldera (Machida and Arai, 
2003). In the distal areas 40-80 km away from the caldera, the Osumi and 
Satsuma Peninsulas, this unit is composed fine pumices (a few cm-mm) with 
thicknesses of 20-40 cm (Fujihara and Suzuki-Kamata, 2013). Those in the 
Satsuma Peninsula are finer and thinner than those in the Osumi Peninsula 
(Fujihara and Suzuki-Kamata, 2013). In the proximal areas, a maximum 
thickness attain >3 m containing white-pinkish pumice with a size of a few to 
7 cm (Maeno and Taniguchi, 2007). The layers richest in hydrothermally 
altered lithic lapilli and crystals of feldspar and pyroxene are recognized 
(Maeno and Taniguchi, 2007). Minor banded pumice and obsidian are also 
recognized in Take-shima (Ono et al., 1982). 
Intraplinian flow deposits referred to as “Funakura pyroclastic flow” (Ono 
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et al., 1982) are recognized in the proximal areas. At Takeshima, this unit is 
composed of a large number of thin flow units with a few cm to 1 m (Ono et 
al., 1982). The whole unit is densely welded with black glassy matrix 
containing flat pumice (<5 cm) and the total thickness is 2-4 m (Ono et al., 
1982). Pumice-fallout deposits with a thickness of <10 cm are sometimes 
sandwiched in this unit (Maeno and Taniguchi, 2007). At Satsuma Iwo-jima, 
the maximum thickness is ~20 m and alternation of strata of some thin 
lithic-rich and pumice-rich are recognized (Maeno and Taniguchi, 2007). 
Climactic pyroclastic flow has been called “Takeshima pyroclastic flow” in 
Take-shima and Satsuma Iwo-jima (Ono et al., 1982). The pyroclastic flow 
was considered to traverse the sea and arrive at adjacent island and south 
Kyushu Island which were located about 40-70 km away from the caldera 
(Fujihara and Suzuki-Kamata, 2013), referred to as “Koya pyroclastic flow” 
(Ui, 1973). Takeshima-Koya pyroclastic-flow deposit commonly exhibits 
non-welded lithofacies containing white vesicular pumice.  
In the proximal island, banded pumice and scoria are also recognized other 
than white pumice. The maximum thickness is about 30 m and 4 m at 
Take-shima and Satsuma Iwo-jima, respectively. The basal part is sometimes 
composed of lithic-rich layer including altered volcanic rocks and tuff with a 
size of a few to 70 cm in diameter. Large lithic-rich basal part in 
Satsuma-Iwo jima was considered as lag breccia with poor volcanic ash (e.g. 
Ono et al., 1982; Fujihara and Suzuki-Kamata, 2013). 
In contrast, the pyroclastic-flow deposit in the distal areas is thinner than 
it in the proximal island, with a thickness of <1 m, and exhibits orange 
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matrix and pumice due to weathering. Banded pumice and scoria, which are 
recognized in the proximal island, are not found.  
Co-ignimbrite ash, referred to as “Kikai-Akahoya ash”, shows an extensive 
distribution covering from entire southwest Japan to the south of northeast 
Japan, with an area of 2×106 km2 (Machida and Arai, 2003). It is mainly 
composed of orange bubble-wall type of glass shards and exhibits normal 
grading. At the basal part of this unit in the Osumi Peninsula, pumice 
fragments, armored lapilli and accretionary lapilli concentrated (Maeno and 
Taniguchi, 2007). 
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Chapter 3 : Petrology and geochemistry 
 
3-1 Previous works 
3-1-1 Bulk rock chemistry 
 
Numerous bulk rock compositions in Kikai caldera area have been 
analyzed until today (e.g. Ono et al., 1982, Ujike et al., 1986, Maeno et al., 
2002, Hayashi, 2017 Graduation thesis, Tatsumi et al., 2018). The some 
characteristic bulk compositions between Kikai-Akahoya eruption and 
Post-caldera stage are shown in Fig. 3.1.  
  Ujike et al. (1986) showed that the range of ratios between highly 
incompatible elements was limited, and suggested that all the Kikai magmas 
were ultimately derived from a single source (Fig. 3.2). Notsu et al., (1987) 
suggested that the 87Sr/86Sr scattered in the narrow range between 0.70477 
and 0.70508 can support the conclusion of Ujike et al. (1986). However, in 
terms of difference between Kikai-Akahoya eruption and Post-caldera stage, 
the 87Sr/86Sr in Post-caldera stage relatively tends to higher than it in 
Kikai-Akahoya eruption (Fig. 3.3). 
Maeno et al. (2002) suggested that rhyolitic magma of Young Iwo-dake can 
produce different trend for K and Rb from those of Kikai-Akahoya eruption 
and Old Iwo-dake. The giant central lava dome is akin to Post-caldera stage, 
thus Tatsumi et al. (2018) suggested that the voluminous Post-caldera 
activity may tap a magma system that has evolved both chemically and 
physically since the 7.3 ka catastrophic caldera-forming eruption. 
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Fig. 3.1. Major and trace element bulk compositions in Pre-caldera stage (red 
triangle), Kikai-Akahoya eruption (yellow circle) and Post-caldera stage 
(blue diamond). The compiled data is from Ono et al. (1982), Ujike et al. 
(1986), Maeno and Taniguchi (2002, 2007), Hayashi (2017, Graduated thesis) 
and Tatsumi et al. (2018). 
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Fig. 3.1. (continue) 
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Fig. 3.2.  Zr/ Rb and K/ Rb ratios show limited range. The compiled data is 
from Ono et al. (1982), Ujike et al. (1986), Maeno and Taniguchi (2002, 2007), 
Hayashi (2017, Graduated thesis) and Tatsumi et al. (2018). 
 
 
 
Fig. 3.3. The SiO2 vs 87Sr/86Sr diagram shows no correlation (data from Notsu 
et al., 1987). Kikai-Akahoya eruption tend to lower 87Sr/86Sr than Post- 
caldera stage. 
23 
 
3-1-2 Melt inclusion and mineral chemistry 
 
  Saito et al. (2001) investigated volatile evolution in a magma chamber 
beneath the volcano from Kikai-Akahoya eruption to the present by using 
melt inclusion. Water concentration of rhyolitic melts decreases with time:  
3 to 4.6 wt.% at 7.3 ka Kikai-Akahoya eruption, 3wt.% for small pyroclastic 
flow of Iwo-dake at ca. 1300 ye BP, and 0.7 to 1.4 wt.% for Showa Iwo-jima. 
  Saito (2016) showed that melt inclusions in pumice at 7.3 ka contain H2O = 
2.4 – 6.1 wt.%. The depth 4 – 11 km of the magma chamber at 7.3 ka was 
estimated by the gas saturation pressure.  
  Saito (2017) estimated temperature 1048 ℃ for scoria by two-pyroxene 
thermometer. 
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3-2 Analytical samples 
 
  All the samples at Kikai-Akahoya eruption using for analysis were 
collected in Take-shima and the Osumi Peninsula. The pumice samples (Fig. 
3.4 A) in Funakura pumice fallout were collected in the unit with the 
thickness of ~1 to 2 m at Take-shima. They exhibit higher vesicular and grey 
to white and sometimes pink with > 5 cm in diameter. The color on the 
surface does not matter with difference of compositions. No Funakura 
pyroclastic-flow deposits were collected because of highly welded. 
  The Takeshima-Koya pyroclastic-flow deposits with a thickness of ~3 m at 
Take-shima commonly contain white pumice, scoria and banded pumice (Fig. 
3.4 B, C, D). Pumice samples exhibit fresh glasses and white (Fig. 3.4 B). The 
large size of scoria with up to 20 cm in diameter is recognized. Scoria 
sometimes contains a few cm of white glass (Fig. 3.4 C). The banded pumice 
with a variety of size consists of grey glass and fibrose white glass (Fig. 3.4 
D). Minor obsidian fragments with a few cm in diameter were recognized 
(Fig. 3.4 E). These obsidian fragments were found in other places at 
Take-shima. 
  The pumice samples in Takeshima-Koya pyroclastic-flow deposits in the 
Osumi Peninsula are generally weathered, and exhibit orange glass (Fig. 3.5 
F). Koya pyroclastic-flow deposits in the Osumi and Satsuma Peninsulas 
commonly have a thickness of < 1 m and contain small size of pumice with 
orange glass.  
 
25 
 
   
 
  
2 cm 2 cm 
10 cm 
(C) 
5cm 
(D) 
(A) (B) 
(E) 
2cm 
1cm 
Fig. 3.4. (A) and (B) are pumices contained in Funakura pumice-fall 
deposits and Takeshima pyroclastic flow deposits, respectively. 
Takeshima pyroclastic flow deposit contains (C) scoria, (D) banded 
pumice and (E) obsidian. (F) is pumice found in Koya pyroclastic flow 
deposit in the Osumi Peninsula.  
(F) 
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3-3 Analytical techniques 
 
Thick polished rock sections were prepared and major and minor elements 
in plagioclase crystals in the sections were analyzed by an electron-probe 
micro-analysis (EPMA), JEOL JXA-8900 at Kobe University. For all 
elements the excitation potential, specimen current and analytical time of 
peak and background were 15kV and 12nA, 20s and 10s, respectively. ZAF 
procedures were employed for data correction. Major and minor elements in 
pyroxene and Fe-Ti oxide crystals were also analyzed in the same way. 
Trace elements including rare earth element (REE) micro-analyses of 
plagioclase crystals were performed by a laser-ablation inductively coupled 
plasma mass spectrometry at the Japan Agency for Marine-Earth Science 
and Technology (JAMSTEC) on the same thick section that were used for the 
EPMA analyses. Measurements were taken using an OK-fs2000K (OK Lab., 
Tokyo, Japan) 200-nm femtosecond laser ablation system (200fsLA). The 
laser beam was fixed at a diameter of 25 µm, and the laser fluence was ca. 5 
J cm-2 at the sample surface. The pulse width was < 300 fs, and analyses 
were performed at pulse repetition rates of 10 Hz. The samples were ablated 
in rotating raster mode (where the laser rasters around the circumference of 
a 15-μm-diameter circle) and scanned beneath the laser at a rate of 11.5 μm 
s-1. Craters with diameters of ca. 40 µm and depths of 7 µm were created 
after a 60-s ablation. The GSD-1E synthetic glass issued by the United State 
Geological Survey was used as the standard with the reference values from 
GeoReM database (Jochum et al., 2005). The 200fsLA system was coupled to 
27 
 
an ELEMENT XR sector-field ICP-MS (Thermo Fisher Scientific, Bremen, 
Germany) at JAMSTEC, using reduced oxide setting, the ThO+/Th+ ratio 
was < 0.5% with LA and U+/Th+ was ca. 1.05. The analytical method and 
data corrections followed Kimura and Chang (2012). 
In situ Sr isotope micro-analyses of plagioclase crystals were also performed 
on the same thick sections by laser ablation multi-collector inductively 
coupled plasma mass spectrometry (LA-MC-ICP-MS) at JAMSTEC. The 
instrument consists of an LA-Aridus dual-intake system including a 193-nm 
excimer laser-ablation system with a ComPex102 laser source (Coherent, 
Gottingen, Germany) combined with an Aridus II desolvating nebulizer 
(CETAC Technologies, Omaha, USA). Both the laser aerosols in the He gas 
flow and the dry Aridus II solution aerosols in the Ar gas flow were mixed in 
a T-piece connector just before the ICP ion source in the MC-ICP-MS. An 
excimer laser was operated with a fluence of 20 J cm-2, 200-µm crater 
diameter, and 10-Hz repetition rate, and this resulted in craters with depths 
of 100–200 µm after ablation for ~4 min. The MC-ICP-MS used was a 
Neptune (Thermo Fisher Scientific, Bremen, Germany) modified by the 
addition of a high-efficiency vacuum interface rotary pump. The settings of 
the plasma interface were normal (N) sampling and normal (H) skimmer 
cones with guard electrode (GE) off (electrically disconnected). This was 
required in order to minimize the molecular oxide ion yields (238U16O/238U < 
3%, analyzed by solution from Aridus II) and thus avoid any oxide based 
interference. All the analytical conditions and procedures followed Kimura et 
al. (2013). 
28 
 
3-4 Results 
3-4-1 Petrography 
 
Modal proportions and size of phenocrysts and representative mineral 
compositions in pumice and scoria samples in Kikai - Akahoya eruption are 
shown in Table. 3.1. Pumice and scoria contain plagioclase, clinopyroxene, 
orthopyroxene and Fe-Ti oxide. Modal proportions in three pumices are 
lower (1.5 – 6.3 %) than those in scoria (~20 %). Fk-fall, Ky-pfd and Tk-pfd 
pumices are indistinguishable for mineral compositions even though modal 
proportion show slight difference among these samples. Therefore, these 
pumice samples are not distinguished in the following results and 
discussions. 
 
Table. 3.1. Modal proportions of pumice and scoria in the Kikai-Akahoya 
eruption using point counting. Total count is 2000 points without bubble per 
a thin sample. The modal compositions show average of three thin samples. 
Fk: Funakura, Ky: Koya, Tk: Takeshima, fall : pumice-fall deposit, pfd: 
pyroclastic-flow deposit, Pl: Plagioclase, Cpx: Clinopyroxene, Opx: Ortho- 
pyroxene and Opq: Opaque mineral. 
Sample Pl Cpx Opx Opq Total (%) 
Fk-fall pumice 1.0  0.3  0.2  0.0  1.5  
Ky-pfd pumice 3.5  0.4  0.5  0.0  4.4  
Tk-pfd pumice 4.8  0.5  0.8  0.2  6.3  
Tk-pfd scoria 15.0  2.4  1.4  1.3  20.1  
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Orthopyroxene and clinopyroxene are observed in both pumice and scoria. 
Major composition of clinopyroxene and orthopyroxene are shown in Table. 
3.2. and Table. 3.3, respectively. Orthopyroxene phenocrysts in pumice show 
lower Mg-number than those in scoria (Fig. 3.4). Pumice contains 
orthopyroxene crystals showing the same Mg-number as those in scoria, and 
vice versa. Mg-number of clinopyroxene phenocrysts in pumice is 
indistinguishable from that of scoria (Fig. 3.4). Both pyroxenes show no 
remarkable reversely zoning. 
Fe-Ti oxide is observed in pumice and scoria. Magnetite and ilmenite exist 
together only in pumice. Scoria contains no ilmenite.  
Plagioclase is the most abundant phenocrysts in both pumice and scoria 
(Table. 3.1). The larger size of plagioclase phenocrysts in pumices commonly 
have core surrounded by fine brown melt inclusions. The smaller ones 
seldom contain these melt inclusions. On the other hand, plagioclase 
phenocrysts in scoria commonly contain a lot of coarse melt inclusion with 
black to brown color. Plagioclase cores in pumice show a wide range of 
anorthite contents (An37-89), whereas rims concentrate in An50-60 (Fig. 3.5). 
Plagioclase cores and rims in scoria show a wide range of anorthite contents 
(An55-84), but mostly concentrate in An70-80 (Fig. 3.5). 
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sample Tk-Ky pfd at Takeshima (scoria) sample
grain B-3 B-4 B-35 B-36 B-53 B-54 B-67 B-68 grain
core/rim c r c r c r c r core/rim
SiO2 51.33 51.68 51.63 51.54 51.75 51.81 51.19 51.72 SiO2
TiO2 0.44 0.46 0.47 0.45 0.50 0.45 0.48 0.43 TiO2
Al2O3 1.82 2.09 1.57 1.97 2.01 1.95 2.15 2.20 Al2O3
Cr2O3 0.01 0.03 0.00 0.02 0.01 0.00 0.06 0.04 Cr2O3
FeO 10.76 10.25 10.24 9.89 10.97 9.56 10.92 9.93 FeO
MnO 0.37 0.30 0.55 0.33 0.33 0.33 0.33 0.31 MnO
NiO 0.02 0.00 0.01 0.00 0.00 0.02 0.01 0.00 NiO
MgO 14.82 14.74 14.35 14.88 14.67 14.69 14.63 15.19 MgO
CaO 18.69 19.00 19.72 19.31 18.86 19.35 19.11 19.48 CaO
K2O 0.02 0.00 0.02 0.00 0.01 0.00 0.00 0.02 K2O
Na2O 0.31 0.31 0.34 0.25 0.27 0.30 0.31 0.30 Na2O
Total 98.57 98.85 98.90 98.63 99.37 98.46 99.19 99.61 Total
O= 6 6 6 6 6 6 6 6 O=
Si 1.95 1.95 1.95 1.95 1.95 1.96 1.93 1.94 Si
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 Ti
Al 0.08 0.09 0.07 0.09 0.09 0.09 0.10 0.10 Al
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr
Fe 0.34 0.32 0.32 0.31 0.35 0.30 0.35 0.31 Fe
Mn 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 Mn
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ni
Mg 0.84 0.83 0.81 0.84 0.82 0.83 0.82 0.85 Mg
Ca 0.76 0.77 0.80 0.78 0.76 0.78 0.77 0.78 Ca
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 K
Na 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 Na
total 4.01 4.00 4.01 4.01 4.01 4.00 4.02 4.02 total
100*Mg/(Fe+Mg) 71 72 71 73 70 73 70 73 100*Mg/(Fe+Mg)
sample Tk-Ky pfd at Takeshima (scoria) sample
grain B-83 B-84 B-87 B-88 B-115 B-116 B-123 B-124 grain
core/rim c r c r c r c r core/rim
SiO2 51.77 52.31 51.44 51.81 52.15 51.91 51.80 51.80 SiO2
TiO2 0.48 0.39 0.53 0.44 0.39 0.45 0.46 0.46 TiO2
Al2O3 1.76 2.00 2.27 2.01 1.64 2.03 1.88 2.00 Al2O3
Cr2O3 0.00 0.00 0.02 0.00 0.01 0.03 0.00 0.00 Cr2O3
FeO 10.58 9.57 11.04 9.88 10.88 10.05 10.32 10.00 FeO
MnO 0.44 0.32 0.34 0.30 0.32 0.36 0.43 0.29 MnO
NiO 0.00 0.00 0.00 0.00 0.02 0.00 0.03 0.02 NiO
MgO 14.60 15.11 14.64 14.86 14.82 14.88 14.62 15.11 MgO
CaO 19.52 19.63 19.02 19.41 19.02 19.19 19.58 19.57 CaO
K2O 0.01 0.00 0.02 0.02 0.00 0.02 0.01 0.02 K2O
Na2O 0.28 0.28 0.33 0.31 0.33 0.27 0.27 0.29 Na2O
Total 99.43 99.61 99.64 99.04 99.58 99.19 99.38 99.55 Total
O= 6 6 6 6 6 6 6 6 O=
Si 1.95 1.95 1.93 1.95 1.96 1.95 1.95 1.94 Si
Ti 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 Ti
Al 0.08 0.09 0.10 0.09 0.07 0.09 0.08 0.09 Al
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr
Fe 0.33 0.30 0.35 0.31 0.34 0.32 0.32 0.31 Fe
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 Mn
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ni
Mg 0.82 0.84 0.82 0.83 0.83 0.83 0.82 0.84 Mg
Ca 0.79 0.79 0.77 0.78 0.76 0.77 0.79 0.79 Ca
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 K
Na 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 Na
total 4.01 4.00 4.02 4.01 4.01 4.00 4.01 4.01 total
100*Mg/(Fe+Mg) 71 74 70 73 71 72 72 73 100*Mg/(Fe+Mg)
Table. 3.2. Major composition of clinopyroxene. 
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sample Tk-Ky pfd at Takeshima (scoria)
grain B-127 B-128 6-Mc 6-Mr 6-Xc 6-Xr 6-AKc 6-AKr 
core/rim c r c r c r c r
SiO2 51.47 52.03 53.57 52.76 51.65 51.91 52.42 52.63
TiO2 0.49 0.47 0.35 0.39 0.43 0.43 0.55 0.35
Al2O3 2.19 2.05 1.26 2.01 1.96 2.16 1.95 1.98
Cr2O3 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00
FeO 10.23 9.67 10.96 10.28 10.95 10.43 10.75 10.14
MnO 0.31 0.32 0.57 0.35 0.39 0.28 0.51 0.34
NiO 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
MgO 15.07 15.01 14.64 15.24 14.39 14.79 14.29 15.07
CaO 19.13 19.26 20.30 20.41 20.07 20.28 19.99 20.13
K2O 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00
Na2O 0.27 0.26 0.32 0.26 0.29 0.27 0.30 0.27
Total 99.18 99.12 101.98 101.69 100.13 100.55 100.75 100.92
O= 6 6 6 6 6 6 6 6
Si 1.94 1.95 1.97 1.94 1.94 1.93 1.95 1.95
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Al 0.10 0.09 0.05 0.09 0.09 0.09 0.09 0.09
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.32 0.30 0.34 0.32 0.34 0.33 0.33 0.31
Mn 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.84 0.84 0.80 0.83 0.80 0.82 0.79 0.83
Ca 0.77 0.77 0.80 0.80 0.81 0.81 0.80 0.80
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
total 4.01 4.00 4.01 4.02 4.02 4.02 4.01 4.01
100*Mg/(Fe+Mg) 72 73 70 73 70 72 70 73
sample Tk-Ky pfd at Takeshima (pumice)
grain C-39 C-40 3-Nc 3-Nr E-65 E-66 E-11 E-12 
core/rim c r c r c r c r
SiO2 51.64 51.79 51.94 52.12 52.75 52.96 51.02 53.18
TiO2 0.53 0.44 0.42 0.43 0.40 0.40 0.70 0.42
Al2O3 1.62 1.24 1.39 1.41 1.13 1.30 1.76 1.27
Cr2O3 0.00 0.04 0.00 0.00 0.02 0.01 0.04 0.00
FeO 11.85 10.45 11.27 9.97 10.95 9.93 13.18 9.76
MnO 0.65 0.55 0.61 0.53 0.62 0.59 0.43 0.59
NiO 0.00 0.00 0.00 0.00 0.04 0.03 0.00 0.00
MgO 13.26 14.17 13.52 14.05 14.02 14.53 14.38 14.68
CaO 19.32 20.02 20.13 20.00 19.10 19.53 18.14 18.95
K2O 0.01 0.01 0.01 0.02 0.00 0.03 0.02 0.01
Na2O 0.31 0.23 0.28 0.28 0.26 0.31 0.34 0.31
Total 99.19 98.93 99.56 98.83 99.29 99.63 99.99 99.17
O= 6 6 6 6 6 6 6 6
Si 1.96 1.96 1.96 1.97 1.99 1.98 1.93 1.99
Ti 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Al 0.07 0.06 0.06 0.06 0.05 0.06 0.08 0.06
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.38 0.33 0.36 0.32 0.34 0.31 0.42 0.31
Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.75 0.80 0.76 0.79 0.79 0.81 0.81 0.82
Ca 0.79 0.81 0.81 0.81 0.77 0.78 0.73 0.76
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
total 4.00 4.01 4.01 4.00 3.99 3.99 4.03 3.98
100*Mg/(Fe+Mg) 67 71 68 72 70 72 66 73
Table. 3.2. (continue) 
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sample Fk-fl (pumice)
grain E-49 E-50 F-23 F-24 5-Dc 5-Dr 5-AHc 5-AHr 
core/rim c r c r c r c r
SiO2 52.54 52.70 52.24 52.24 51.91 52.14 52.68 52.34
TiO2 0.47 0.52 0.42 0.44 0.44 0.38 0.36 0.40
Al2O3 1.70 2.06 1.31 1.23 1.52 1.29 1.17 1.60
Cr2O3 0.00 0.04 0.00 0.03 0.00 0.00 0.00 0.00
FeO 10.71 9.59 11.71 10.46 11.05 10.39 11.19 11.14
MnO 0.50 0.37 0.54 0.58 0.64 0.61 0.64 0.64
NiO 0.01 0.00 0.03 0.02 0.00 0.00 0.00 0.00
MgO 14.72 15.01 13.79 14.23 14.05 14.28 15.22 14.15
CaO 18.92 19.43 19.22 19.46 19.97 20.27 18.81 19.54
K2O 0.00 0.02 0.00 0.02 0.02 0.02 0.01 0.02
Na2O 0.33 0.32 0.28 0.35 0.32 0.33 0.25 0.32
Total 99.90 100.07 99.54 99.04 99.91 99.70 100.33 100.15
O= 6 6 6 6 6 6 6 6
Si 1.96 1.96 1.97 1.97 1.95 1.96 1.96 1.96
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.07 0.09 0.06 0.05 0.07 0.06 0.05 0.07
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.33 0.30 0.37 0.33 0.35 0.33 0.35 0.35
Mn 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.82 0.83 0.78 0.80 0.79 0.80 0.85 0.79
Ca 0.76 0.77 0.78 0.79 0.80 0.82 0.75 0.78
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02
total 4.00 4.00 4.00 4.00 4.02 4.01 4.01 4.01
100*Mg/(Fe+Mg) 71 74 68 71 69 71 71 69
sample Tk-Ky pfd at Osumi Peninsula (pumice)
grain 1-Yc 1-Yr 1-AO2c 1-AO2r G-67 G-68 
core/rim c r c r c r
SiO2 51.44 52.56 52.26 52.00 52.08 51.82
TiO2 0.41 0.31 0.48 0.36 0.36 0.47
Al2O3 1.47 1.08 1.46 1.15 1.20 1.78
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00
FeO 11.21 10.29 10.91 10.63 9.62 10.47
MnO 0.43 0.59 0.53 0.61 0.51 0.40
NiO 0.00 0.00 0.00 0.00 0.02 0.04
MgO 13.93 14.21 13.84 13.99 14.38 13.82
CaO 19.63 20.47 19.82 20.60 19.61 19.58
K2O 0.00 0.01 0.01 0.00 0.02 0.00
Na2O 0.29 0.27 0.31 0.31 0.35 0.34
Total 98.82 99.78 99.62 99.66 98.15 98.72
O= 6 6 6 6 6 6
Si 1.95 1.97 1.97 1.96 1.98 1.96
Ti 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.07 0.05 0.07 0.05 0.05 0.08
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.36 0.32 0.34 0.34 0.31 0.33
Mn 0.01 0.02 0.02 0.02 0.02 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.79 0.80 0.78 0.79 0.81 0.78
Ca 0.80 0.82 0.80 0.83 0.80 0.79
K 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.02 0.02 0.02 0.02 0.03 0.03
total 4.01 4.01 4.00 4.02 4.00 4.00
100*Mg/(Fe+Mg) 69 71 69 70 73 70
Table. 3.2. (continue) 
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sample Tk-Ky pfd at Takeshima (scoria) sample
grain B-7 B-8 B-23 B-24 B-43 B-44 B-39 B-40 grain
core/rim c r c r c r c r core/rim
SiO2 53.19 53.13 53.60 53.58 53.61 53.79 53.77 52.86 SiO2
TiO2 0.23 0.24 0.23 0.20 0.25 0.28 0.22 0.17 TiO2
Al2O3 1.23 1.20 1.21 1.09 1.05 1.03 0.77 1.04 Al2O3
Cr2O3 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr2O3
FeO 17.97 17.92 18.47 18.08 18.13 18.06 18.21 18.05 FeO
MnO 0.48 0.54 0.49 0.52 0.55 0.56 0.64 0.54 MnO
NiO 0.03 0.00 0.03 0.01 0.00 0.00 0.00 0.00 NiO
MgO 24.67 24.56 24.29 24.63 24.10 24.36 24.61 24.21 MgO
CaO 1.73 1.69 1.69 1.66 1.52 1.59 1.52 1.62 CaO
K2O 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.02 K2O
Na2O 0.01 0.05 0.06 0.03 0.00 0.02 0.01 0.05 Na2O
Total 99.54 99.32 100.06 99.81 99.22 99.69 99.75 98.56 Total
O= 6 6 6 6 6 6 6 6 O=
Si 1.96 1.96 1.97 1.97 1.98 1.98 1.98 1.97 Si
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 Ti
Al 0.05 0.05 0.05 0.05 0.05 0.05 0.03 0.05 Al
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr
Fe 0.55 0.55 0.57 0.56 0.56 0.55 0.56 0.56 Fe
Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 Mn
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ni
Mg 1.35 1.35 1.33 1.35 1.33 1.33 1.35 1.34 Mg
Ca 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.07 Ca
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 K
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Na
total 4.01 4.01 4.00 4.01 3.99 4.00 4.00 4.01 total
100*Mg/(Fe+Mg) 71 71 70 71 70 71 71 71 100*Mg/(Fe+Mg)
sample Tk-Ky pfd at Takeshima (scoria) sample
grain B-49 B-50 B-63 B-64 B-109 B-110 B-131 B-132 grain
core/rim c r c r c r c r core/rim
SiO2 53.29 53.40 53.70 53.19 53.97 53.58 53.53 53.53 SiO2
TiO2 0.17 0.21 0.21 0.21 0.18 0.18 0.23 0.23 TiO2
Al2O3 1.36 1.02 0.87 1.22 1.21 1.01 1.08 1.06 Al2O3
Cr2O3 0.00 0.00 0.00 0.02 0.01 0.02 0.00 0.00 Cr2O3
FeO 18.35 17.83 18.42 18.14 17.71 18.36 18.23 18.34 FeO
MnO 0.49 0.57 0.51 0.51 0.40 0.49 0.45 0.50 MnO
NiO 0.00 0.00 0.02 0.04 0.03 0.07 0.08 0.01 NiO
MgO 24.37 24.35 24.33 24.16 25.17 24.31 24.75 24.62 MgO
CaO 1.64 1.58 1.74 1.76 1.72 1.56 1.80 1.61 CaO
K2O 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.03 K2O
Na2O 0.06 0.08 0.03 0.06 0.07 0.06 0.03 0.07 Na2O
Total 99.73 99.05 99.85 99.30 100.46 99.65 100.20 100.00 Total
O= 6 6 6 6 6 6 6 6 O=
Si 1.96 1.97 1.97 1.96 1.96 1.97 1.96 1.96 Si
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 Ti
Al 0.06 0.05 0.04 0.05 0.05 0.04 0.05 0.05 Al
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr
Fe 0.56 0.55 0.57 0.56 0.54 0.57 0.56 0.56 Fe
Mn 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02 Mn
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ni
Mg 1.34 1.34 1.33 1.33 1.37 1.33 1.35 1.35 Mg
Ca 0.06 0.06 0.07 0.07 0.07 0.06 0.07 0.06 Ca
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 K
Na 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 Na
total 4.01 4.00 4.00 4.01 4.01 4.00 4.01 4.01 total
100*Mg/(Fe+Mg) 70 71 70 70 72 70 71 71 100*Mg/(Fe+Mg)
Table. 3.3. Major composition of orthpyroxene. 
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sample Tk-Ky pfd at Takeshima (scoria) sample
grain B-143 B-144 6-Bc 6-Br 6-Ec 6-Er 6-Cc 6-Cr grain
core/rim c r c r c r c r core/rim
SiO2 54.11 53.81 54.63 54.34 54.51 54.46 54.68 54.72 SiO2
TiO2 0.25 0.23 0.15 0.19 0.19 0.20 0.23 0.20 TiO2
Al2O3 0.82 1.05 0.87 1.14 0.87 1.11 0.94 1.11 Al2O3
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr2O3
FeO 18.53 18.35 18.77 18.58 18.89 18.53 18.87 18.76 FeO
MnO 0.60 0.56 0.53 0.50 0.53 0.53 0.53 0.46 MnO
NiO 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 NiO
MgO 24.65 24.84 24.82 24.66 25.17 24.74 24.07 24.59 MgO
CaO 1.60 1.64 1.69 1.75 1.76 1.78 1.73 1.72 CaO
K2O 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 K2O
Na2O 0.06 0.06 0.04 0.06 0.03 0.03 0.05 0.03 Na2O
Total 100.61 100.56 101.50 101.25 101.95 101.39 101.09 101.59 Total
O= 6 6 6 6 6 6 6 6 O=
Si 1.97 1.96 1.97 1.97 1.96 1.97 1.98 1.97 Si
Ti 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 Ti
Al 0.04 0.05 0.04 0.05 0.04 0.05 0.04 0.05 Al
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr
Fe 0.57 0.56 0.57 0.56 0.57 0.56 0.57 0.57 Fe
Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 Mn
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ni
Mg 1.34 1.35 1.34 1.33 1.35 1.33 1.30 1.32 Mg
Ca 0.06 0.06 0.07 0.07 0.07 0.07 0.07 0.07 Ca
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 K
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Na
total 4.01 4.01 4.00 4.01 4.01 4.00 3.99 4.00 total
100*Mg/(Fe+Mg) 70 71 70 70 70 70 69 70 100*Mg/(Fe+Mg)
sample Tk-Ky pfd at Takeshima (pumice) sample
grain C-15 C-16 3-Rc 3-Rr E-17 E-18 E-29 E-30 grain
core/rim c r c r c r c r core/rim
SiO2 52.87 53.50 52.55 53.01 54.06 54.20 53.92 54.41 SiO2
TiO2 0.20 0.22 0.27 0.37 0.23 0.22 0.27 0.33 TiO2
Al2O3 0.74 0.73 0.98 0.75 0.68 0.70 0.70 0.89 Al2O3
Cr2O3 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr2O3
FeO 20.14 20.46 20.21 21.02 19.33 18.32 20.18 18.27 FeO
MnO 0.99 1.09 0.88 0.97 0.84 0.69 0.88 0.84 MnO
NiO 0.06 0.04 0.00 0.00 0.01 0.02 0.04 0.05 NiO
MgO 23.19 23.39 23.05 22.64 23.90 24.54 23.86 24.62 MgO
CaO 1.45 1.33 1.52 1.46 1.51 1.53 1.45 1.39 CaO
K2O 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 K2O
Na2O 0.07 0.03 0.05 0.04 0.04 0.06 0.03 0.05 Na2O
Total 99.72 100.77 99.52 100.26 100.59 100.28 101.33 100.88 Total
O= 6 6 6 6 6 6 6 6 O=
Si 1.97 1.97 1.96 1.97 1.98 1.98 1.97 1.98 Si
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 Ti
Al 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.04 Al
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr
Fe 0.63 0.63 0.63 0.65 0.59 0.56 0.62 0.56 Fe
Mn 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 Mn
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ni
Mg 1.29 1.28 1.28 1.25 1.30 1.34 1.30 1.33 Mg
Ca 0.06 0.05 0.06 0.06 0.06 0.06 0.06 0.05 Ca
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 K
Na 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Na
total 4.01 4.01 4.01 4.01 4.00 4.00 4.01 4.00 total
100*Mg/(Fe+Mg) 67 67 67 66 69 70 68 71 100*Mg/(Fe+Mg)
Table. 3.3. (continue) 
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sample Fk-fl (pumice)
grain E-83 E-84 F-53 F-54 F-73 F-74 5-Tc 5-Tr 
core/rim c r c r c r c r
SiO2 54.08 54.23 53.40 53.76 53.02 53.01 53.08 53.57
TiO2 0.21 0.24 0.22 0.19 0.26 0.19 0.22 0.20
Al2O3 0.95 1.03 0.67 0.70 0.86 0.66 0.90 0.78
Cr2O3 0.01 0.05 0.00 0.03 0.02 0.00 0.00 0.00
FeO 18.57 18.67 20.55 21.07 21.82 21.56 20.94 21.25
MnO 0.54 0.48 0.89 1.04 0.71 1.03 0.98 0.97
NiO 0.00 0.08 0.01 0.06 0.00 0.00 0.00 0.00
MgO 24.42 24.28 23.01 22.47 22.12 22.12 22.28 22.29
CaO 1.71 1.68 1.47 1.53 1.59 1.43 1.62 1.49
K2O 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Na2O 0.05 0.04 0.02 0.03 0.04 0.04 0.08 0.00
Total 100.54 100.78 100.24 100.89 100.45 100.04 100.09 100.54
O= 6 6 6 6 6 6 6 6
Si 1.97 1.97 1.98 1.98 1.97 1.98 1.97 1.98
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.04 0.04 0.03 0.03 0.04 0.03 0.04 0.03
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.57 0.57 0.64 0.65 0.68 0.67 0.65 0.66
Mn 0.02 0.01 0.03 0.03 0.02 0.03 0.03 0.03
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.33 1.32 1.27 1.23 1.22 1.23 1.23 1.23
Ca 0.07 0.07 0.06 0.06 0.06 0.06 0.07 0.06
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
total 4.00 4.00 4.00 4.00 4.01 4.01 4.00 4.00
100*Mg/(Fe+Mg) 70 70 67 66 64 65 65 65
sample Tk-Ky pfd at Osumi Peninsula (pumice)
grain 1-Oc 1-Or 1-Pc 1-Pr 1-Tc 1-Tr 
core/rim c r c r c r
SiO2 53.42 53.62 53.64 53.54 53.20 53.94
TiO2 0.25 0.25 0.22 0.24 0.28 0.29
Al2O3 1.15 0.71 0.70 0.80 1.03 0.74
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00
FeO 19.32 21.03 19.51 20.98 21.11 21.29
MnO 0.71 1.03 0.85 0.97 0.87 1.08
NiO 0.00 0.00 0.00 0.00 0.00 0.00
MgO 23.41 22.37 23.17 22.52 21.88 22.34
CaO 1.62 1.44 1.67 1.49 1.85 1.47
K2O 0.00 0.04 0.01 0.02 0.02 0.00
Na2O 0.10 0.06 0.13 0.12 0.12 0.09
Total 99.96 100.55 99.89 100.68 100.36 101.24
O= 6 6 6 6 6 6
Si 1.97 1.98 1.98 1.98 1.97 1.98
Ti 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.05 0.03 0.03 0.04 0.05 0.03
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.60 0.65 0.60 0.65 0.66 0.65
Mn 0.02 0.03 0.03 0.03 0.03 0.03
Ni 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.29 1.23 1.28 1.24 1.21 1.22
Ca 0.06 0.06 0.07 0.06 0.07 0.06
K 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.01 0.00 0.01 0.01 0.01 0.01
total 4.00 4.00 4.00 4.00 4.00 4.00
100*Mg/(Fe+Mg) 68 65 68 66 65 65
Table. 3.3. (continue) 
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Fig. 3.5. The relationship between core and rim Mg# = 100×Mg / (Mg + Fe) 
in pyroxene phenocrysts. 
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Fig. 3.6. The histograms of anorthite content (An = 100×Ca / (Ca+Na)) in 
plagioclase phenocrysts. Left-hand histogram exhibits plagioclase core and 
rim in pumice while right-hand histogram exhibits those in scoria. 
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3-4-2 Plagioclase microanalyses 
 
  Major, trace element and Sr isotopic ratios of plagioclase phenocrysts are 
shown in Table.3.4. The correlation of selected trace element concentrations 
and Sr isotopic ratios of plagioclase phenocrysts with anorthite content are 
shown in Fig. 3.6 and 3.7.  
  The high-An plagioclase cores with in pumice are higher in Ba, La, Ce, Y, 
Eu and Pb and lower in MgO and FeO than those in scoria. Sr is 
indistinguishable between high-An plagioclase core in pumice and scoria. 
Almost all the plagioclase phenocrysts in both pumice and scoria exhibit a 
continuous increase for Sr, Ba, La, Ce and Eu with decreasing An. The 
low-An plagioclases in pumice exhibit different behavior: they deviate from 
the continuous trend on the anorthite vs Sr and Eu diagram.  
  Sr isotopic ratios of plagioclase cores and rims in pumice are mostly 
constant within a narrow range of 87Sr/86Sr (~0.7047 – 48) regardless of 
anorthite content. However, a part of plagioclase cores with An55-70 in pumice 
exhibit the wide range of 87Sr/86Sr (~0.7046 - 49). In contrast, plagioclase 
cores in scoria exhibit a wider range of 87Sr/86Sr (~0.7044 - 48) than those in 
pumice. The upper limit of 87Sr/86Sr in scoria is the same as high-An 
plagioclase cores in pumice while the lower limit of 87Sr/86Sr is specific to 
plagioclase phenocrysts in scoria. 87Sr/86Sr of plagioclase rims in scoria 
exhibit similar variation to that of plagioclase cores in scoria. 
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Table. 3.4. Major, trace element and isotopic compositions of plagioclase 
phenocrysts in pumice and scoria.  
 
c, m and r in grain represent core, mantle and rim, respectively. 
 
 
 
Sample Fk-fl (pumice)
F10c F10r F6c F6r N10c N10r N1c
(wt.%)
   SiO2  52.88 55.26 53.38 55.54 54.61 55.32 53.27
   Al2O3 29.14 27.94 28.66 28.28 27.88 27.73 28.80
   FeO   0.72 0.52 0.56 0.56 0.53 0.53 0.56
   MnO   0.00 0.01 0.02 0.02 0.00 0.01 0.01
   MgO   0.07 0.07 0.05 0.06 0.07 0.07 0.06
   CaO   12.27 10.51 11.49 10.66 11.38 10.57 12.49
   Na2O  4.23 4.92 4.62 5.09 4.69 5.19 4.23
   K2O   0.16 0.23 0.23 0.18 0.21 0.23 0.21
   TiO2  0.02 0.04 0.06 0.01 0.03 0.03 0.06
  Total  99.48 99.50 99.06 100.40 99.41 99.66 99.68
O= 8 8 8 8 8 8 8
Si 2.41 2.50 2.44 2.49 2.48 2.50 2.43
Al 1.57 1.49 1.54 1.50 1.49 1.48 1.55
Fe 0.03 0.02 0.02 0.02 0.02 0.02 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.01 0.00 0.00 0.00 0.01 0.00 0.00
Ca 0.60 0.51 0.56 0.51 0.55 0.51 0.61
Na 0.37 0.43 0.41 0.44 0.41 0.46 0.37
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 5.00 4.97 5.00 4.98 4.98 4.99 4.99
Ca/(Ca+Na) 0.62 0.54 0.58 0.54 0.57 0.53 0.62
An 62 54 58 54 57 53 62
(ppm)
Sr 621 751 723 754 782 846 663
Y 0.22 0.32 0.31 0.38 0.60 0.57 0.64
Ba 85 116 89 116 134 134 96
La 2.57 4.29 2.23 4.02 4.47 4.51 2.93
Ce 4.17 6.31 3.82 6.51 7.14 7.62 5.27
Eu 0.76 1.67 0.83 1.59 1.66 1.67 1.27
Pb 2.70 4.42 3.90 4.06 3.90 4.26 4.27
87Sr/86Sr 0.70466 0.70467 0.70461 0.70466 0.70475 0.70467 0.70472
2SE 0.00010 0.00008 0.00006 0.00007 0.00004 0.00004 0.00004
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Table. 3.4. (continue) 
 
  
Sample Fk-fl (pumice)
Grain N1r N3c N3r N4c N4m N4r N5c
(wt.%)
   SiO2  54.87 54.09 55.25 54.52 49.19 56.25 52.58
   Al2O3 27.01 28.18 27.80 27.97 31.32 28.23 29.06
   FeO   0.51 0.58 0.56 0.64 0.57 0.58 0.52
   MnO   0.00 0.01 0.00 0.00 0.00 0.01 0.01
   MgO   0.05 0.07 0.09 0.07 0.03 0.07 0.06
   CaO   10.99 11.51 11.02 11.32 15.22 10.82 12.10
   Na2O  5.11 4.60 4.89 4.75 2.45 5.09 4.08
   K2O   0.24 0.21 0.22 0.23 0.06 0.20 0.15
   TiO2  0.03 0.04 0.01 0.00 0.00 0.04 0.00
  Total  98.80 99.27 99.84 99.51 98.85 101.29 98.55
O= 8 8 8 8 8 8 8
Si 2.51 2.47 2.50 2.48 2.28 2.50 2.42
Al 1.46 1.51 1.48 1.50 1.71 1.48 1.57
Fe 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.01 0.00 0.01 0.00
Ca 0.54 0.56 0.53 0.55 0.75 0.52 0.60
Na 0.45 0.41 0.43 0.42 0.22 0.44 0.36
K 0.01 0.01 0.01 0.01 0.00 0.01 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 5.00 4.99 4.98 4.99 4.98 4.98 4.98
Ca/(Ca+Na) 0.54 0.58 0.55 0.57 0.77 0.54 0.62
An 54 58 55 57 77 54 62
(ppm)
Sr 786 644 741 621 655 808 710
Y 0.51 0.42 0.61 0.98 0.61 0.71 0.83
Ba 139 77 128 113 58 142 93
La 5.09 1.79 3.79 3.73 1.84 4.82 3.62
Ce 7.85 3.21 6.38 6.35 3.29 8.06 6.04
Eu 1.44 1.05 1.48 0.88 0.91 1.68 1.41
Pb 5.00 3.10 3.67 3.82 3.03 4.27 3.23
87Sr/86Sr 0.70488 0.70474 0.70467 0.70486 0.70478 0.70490 0.70477
2SE 0.00005 0.00007 0.00006 0.00007 0.00007 0.00007 0.00004
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Table. 3.4. (continue) 
 
  
Sample Fk-fl (pumice) Tk-Ky pfd at Takeshima (pumice)
Grain N5r N7c N7r Ap1c Ap1m Ap1r Ap21c
(wt.%)
   SiO2  56.45 54.23 54.95 50.78 52.19 55.49 49.74
   Al2O3 27.92 27.87 27.06 30.12 29.13 27.11 30.04
   FeO   0.53 0.59 0.48 0.70 0.64 0.53 0.67
   MnO   0.00 0.00 0.03 0.01 0.02 0.02 0.00
   MgO   0.07 0.09 0.06 0.04 0.06 0.06 0.07
   CaO   10.33 11.24 10.25 13.72 12.72 10.48 14.01
   Na2O  5.17 4.86 5.41 3.65 4.26 5.34 3.47
   K2O   0.24 0.21 0.27 0.15 0.16 0.23 0.12
   TiO2  0.07 0.02 0.04 0.01 0.00 0.01 0.00
  Total  100.77 99.11 98.54 99.18 99.16 99.25 98.13
O= 8 8 8 8 8 8 8
Si 2.52 2.48 2.52 2.34 2.39 2.52 2.32
Al 1.47 1.50 1.46 1.63 1.58 1.45 1.65
Fe 0.02 0.02 0.02 0.03 0.02 0.02 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Ca 0.49 0.55 0.50 0.68 0.63 0.51 0.70
Na 0.45 0.43 0.48 0.33 0.38 0.47 0.31
K 0.01 0.01 0.02 0.01 0.01 0.01 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 4.97 5.00 5.00 5.01 5.01 4.99 5.02
Ca/(Ca+Na) 0.53 0.56 0.51 0.68 0.62 0.52 0.69
An 53 56 51 68 62 52 69
(ppm)
Sr 775 767 768 579 588 679 621
Y 0.55 0.74 0.53 0.53 0.24 0.53 1.31
Ba 127 131 136 78 97 137 86
La 3.82 4.49 5.07 2.63 2.58 4.11 3.27
Ce 6.89 7.25 7.58 4.29 4.05 7.26 5.57
Eu 1.53 1.93 1.79 1.00 0.95 1.56 0.70
Pb 3.86 4.44 4.17 3.36 3.74 4.05 2.66
87Sr/86Sr 0.70481 0.70469 0.70471 0.70463 0.70473 0.70475 0.70468
2SE 0.00004 0.00005 0.00006 0.00006 0.00004 0.00004 0.00004
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Takeshima (pumice)
Grain Ap21r Ap22c Ap22r Ap26c Ap26r Ap2c Ap2r
(wt.%)
   SiO2  53.67 45.10 55.60 48.16 54.14 47.21 54.71
   Al2O3 27.86 33.67 27.07 31.53 27.60 32.01 27.45
   FeO   0.59 0.53 0.60 0.53 0.56 0.61 0.64
   MnO   0.00 0.00 0.01 0.03 0.04 0.01 0.01
   MgO   0.07 0.02 0.09 0.06 0.04 0.05 0.08
   CaO   11.32 17.68 10.09 15.35 11.10 16.18 10.80
   Na2O  4.88 1.30 5.65 2.64 5.13 2.11 5.17
   K2O   0.20 0.07 0.25 0.10 0.26 0.07 0.22
   TiO2  0.06 0.00 0.02 0.03 0.03 0.04 0.03
  Total  98.63 98.37 99.37 98.43 98.90 98.27 99.11
O= 8 8 8 8 8 8 8
Si 2.46 2.12 2.52 2.24 2.48 2.21 2.50
Al 1.51 1.86 1.45 1.73 1.49 1.76 1.48
Fe 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Ca 0.56 0.89 0.49 0.77 0.54 0.81 0.53
Na 0.43 0.12 0.50 0.24 0.46 0.19 0.46
K 0.01 0.00 0.01 0.01 0.01 0.00 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 5.00 5.01 5.01 5.01 5.01 5.01 5.00
Ca/(Ca+Na) 0.56 0.88 0.50 0.76 0.54 0.81 0.54
An 56 88 50 76 54 81 54
(ppm)
Sr 658 569 677 488 712 512 689
Y 0.51 0.80 0.55 1.64 0.39 0.81 0.41
Ba 105 46 133 96 101 73 116
La 3.74 1.80 3.84 3.26 3.28 3.53 3.61
Ce 5.64 4.21 6.64 7.84 5.70 7.55 6.06
Eu 1.04 0.76 1.49 1.26 1.16 0.72 1.45
Pb 3.26 3.37 3.57 5.38 3.47 3.24 3.55
87Sr/86Sr 0.70472 0.70480 0.70477 0.70473 0.70481 0.70476 0.70474
2SE 0.00005 0.00003 0.00003 0.00005 0.00004 0.00004 0.00004
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Takeshima (pumice)
Grain Ap8c Ap8r F12c F12r F14c F14r F18c
(wt.%)
   SiO2  48.53 55.78 51.69 54.73 50.24 55.11 50.37
   Al2O3 31.19 26.56 30.41 28.06 29.73 26.78 30.99
   FeO   0.72 0.48 0.58 0.55 0.63 0.49 0.66
   MnO   0.00 0.02 0.02 0.00 0.01 0.02 0.00
   MgO   0.07 0.03 0.06 0.07 0.05 0.04 0.06
   CaO   15.20 9.87 13.33 10.69 12.83 9.66 14.13
   Na2O  2.74 5.71 3.50 5.18 3.57 5.69 3.17
   K2O   0.09 0.27 0.13 0.19 0.14 0.30 0.12
   TiO2  0.02 0.03 0.06 0.02 0.02 0.00 0.01
  Total  98.55 98.74 99.76 99.51 97.22 98.09 99.51
O= 8 8 8 8 8 8 8
Si 2.26 2.55 2.36 2.48 2.35 2.53 2.31
Al 1.71 1.43 1.63 1.50 1.64 1.45 1.68
Fe 0.03 0.02 0.02 0.02 0.03 0.02 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Ca 0.76 0.48 0.65 0.52 0.64 0.48 0.69
Na 0.25 0.51 0.31 0.46 0.32 0.51 0.28
K 0.01 0.02 0.01 0.01 0.01 0.02 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 5.01 5.00 4.99 5.00 5.00 5.01 5.00
Ca/(Ca+Na) 0.75 0.49 0.68 0.53 0.67 0.48 0.71
An 75 49 68 53 67 48 71
(ppm)
Sr 607 699 697 747 571 725 639
Y 0.85 0.72 0.50 0.52 0.13 0.75 0.11
Ba 70 131 86 105 67 130 68
La 2.34 3.61 2.89 3.52 1.82 4.12 2.24
Ce 4.55 6.06 5.05 6.41 3.53 7.13 4.34
Eu 1.17 1.59 1.14 1.50 0.60 1.71 0.95
Pb 3.06 3.56 3.20 3.41 3.24 4.19 3.41
87Sr/86Sr 0.70479 0.70477 0.70491 0.70484 0.70455 0.70458 0.70483
2SE 0.00004 0.00004 0.00009 0.00007 0.00007 0.00009 0.00010
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Takeshima (pumice)
Grain F18r R10c R10r R12c R12r R13c R13r
(wt.%)
   SiO2  55.10 52.20 55.08 55.04 55.45 56.39 55.32
   Al2O3 28.28 28.33 26.44 26.40 26.81 26.36 26.81
   FeO   0.53 0.74 0.51 0.60 0.55 0.55 0.56
   MnO   0.02 0.02 0.00 0.00 0.01 0.01 0.05
   MgO   0.06 0.08 0.09 0.07 0.07 0.08 0.06
   CaO   10.81 13.19 11.13 11.47 11.24 10.58 11.20
   Na2O  4.93 4.09 5.02 4.61 4.95 5.24 4.95
   K2O   0.22 0.15 0.23 0.29 0.18 0.25 0.21
   TiO2  0.03 0.00 0.01 0.03 0.04 0.04 0.05
  Total  99.97 98.80 98.51 98.50 99.31 99.49 99.19
O= 8 8 8 8 8 8 8
Si 2.49 2.41 2.53 2.53 2.52 2.55 2.52
Al 1.50 1.54 1.43 1.43 1.44 1.41 1.44
Fe 0.02 0.03 0.02 0.02 0.02 0.02 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.01 0.01 0.00 0.00 0.01 0.00
Ca 0.52 0.65 0.55 0.56 0.55 0.51 0.55
Na 0.43 0.37 0.45 0.41 0.44 0.46 0.44
K 0.01 0.01 0.01 0.02 0.01 0.01 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 4.98 5.01 4.99 4.97 4.98 4.98 4.98
Ca/(Ca+Na) 0.55 0.64 0.55 0.58 0.56 0.53 0.56
An 55 64 55 58 56 53 56
(ppm)
Sr 731 595 712 637 709 647 671
Y 0.83 0.29 0.64 0.69 0.58 0.50 0.55
Ba 111 64 112 100 116 133 104
La 3.84 1.72 3.37 3.29 3.72 3.54 3.37
Ce 6.49 3.02 5.87 4.90 6.18 6.13 5.70
Eu 1.46 0.71 1.41 1.15 1.46 1.27 1.41
Pb 3.37 2.81 3.35 3.28 3.56 2.89 3.01
87Sr/86Sr 0.70480 0.70477 0.70490 0.70471 0.70474 0.70475 0.70470
2SE 0.00007 0.00004 0.00004 0.00003 0.00003 0.00004 0.00004
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Takeshima (pumice)
Grain R20c R20r R2c R4c R4r R6c R6r
(wt.%)
   SiO2  50.34 55.15 54.28 46.32 54.84 53.62 55.23
   Al2O3 29.08 25.84 27.06 31.50 27.25 26.59 26.50
   FeO   0.74 0.55 0.70 0.60 0.58 0.63 0.55
   MnO   0.01 0.00 0.00 0.03 0.00 0.02 0.03
   MgO   0.06 0.07 0.08 0.03 0.08 0.05 0.06
   CaO   14.41 10.63 11.70 17.61 11.53 11.70 10.82
   Na2O  3.10 5.27 4.83 1.41 4.67 4.68 5.10
   K2O   0.12 0.21 0.20 0.02 0.21 0.18 0.22
   TiO2  0.00 0.01 0.00 0.03 0.05 0.06 0.04
  Total  97.86 97.72 98.85 97.54 99.20 97.53 98.55
O= 8 8 8 8 8 8 8
Si 2.35 2.55 2.49 2.19 2.50 2.49 2.53
Al 1.60 1.41 1.46 1.76 1.46 1.46 1.43
Fe 0.03 0.02 0.03 0.02 0.02 0.02 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.00 0.01 0.00 0.00
Ca 0.72 0.53 0.57 0.89 0.56 0.58 0.53
Na 0.28 0.47 0.43 0.13 0.41 0.42 0.45
K 0.01 0.01 0.01 0.00 0.01 0.01 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 4.99 4.99 5.00 5.00 4.98 4.99 4.99
Ca/(Ca+Na) 0.72 0.53 0.57 0.87 0.58 0.58 0.54
An 72 53 57 87 58 58 54
(ppm)
Sr 507 659 660 503 772 603 749
Y 0.35 0.70 0.48 0.63 0.59 0.20 0.45
Ba 58 130 112 45 102 88 116
La 1.99 4.31 3.82 1.62 3.47 2.72 4.22
Ce 4.26 6.38 5.71 3.65 6.08 3.96 6.61
Eu 0.67 1.61 1.39 0.81 1.40 1.02 1.57
Pb 2.53 3.88 3.11 2.64 2.75 3.37 3.75
87Sr/86Sr 0.70480 0.70469 0.70479 0.70477 0.70479 0.70478
2SE 0.00004 0.00004 0.00005 0.00005 0.00003 0.00003
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Osumi Peninsula (pumice)
Grain O10c O10r O11c O11r O13c O13r O16c
(wt.%)
   SiO2  55.34 55.25 55.82 56.97 51.79 55.84 56.89
   Al2O3 27.50 27.06 26.52 26.42 29.89 26.88 26.66
   FeO   0.55 0.70 0.48 0.49 0.65 0.54 0.29
   MnO   0.03 0.00 0.00 0.00 0.03 0.00 0.02
   MgO   0.06 0.08 0.04 0.05 0.03 0.04 0.01
   CaO   10.73 10.45 9.72 9.31 13.31 10.09 9.14
   Na2O  5.17 5.31 5.49 5.80 3.56 5.42 6.06
   K2O   0.25 0.23 0.25 0.31 0.14 0.25 0.33
   TiO2  0.06 0.01 0.05 0.01 0.03 0.00 0.00
  Total  99.69 99.08 98.37 99.37 99.43 99.07 99.39
O= 8 8 8 8 8 8 8
Si 2.51 2.52 2.55 2.58 2.37 2.54 2.57
Al 1.47 1.45 1.43 1.41 1.61 1.44 1.42
Fe 0.02 0.03 0.02 0.02 0.03 0.02 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Ca 0.52 0.51 0.48 0.45 0.65 0.49 0.44
Na 0.45 0.47 0.49 0.51 0.32 0.48 0.53
K 0.02 0.01 0.02 0.02 0.01 0.01 0.02
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 4.99 5.00 4.98 4.98 4.99 4.99 4.99
Ca/(Ca+Na) 0.53 0.52 0.50 0.47 0.67 0.51 0.46
An 53 52 50 47 67 51 46
(ppm)
Sr 683 754 734 750 695 723 564
Y 0.44 0.45 0.53 0.59 0.82 0.60 0.65
Ba 111 107 189 152 102 144 141
La 3.70 3.85 5.28 4.22 3.39 4.46 5.51
Ce 6.10 6.00 8.55 7.23 6.06 7.00 8.37
Eu 1.39 1.29 1.94 1.74 1.10 1.93 1.44
Pb 3.97 3.75 4.80 5.06 4.36 5.26 6.45
87Sr/86Sr 0.70474 0.70478 0.70477 0.70472 0.70474 0.70472 0.70484
2SE 0.00004 0.00004 0.00005 0.00004 0.00005 0.00005 0.00006
47 
 
Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Osumi Peninsula (pumice)
Grain O16r O1c O1r O4c O5c O5r O8c
(wt.%)
   SiO2  58.17 53.40 55.25 52.17 52.58 53.95 53.77
   Al2O3 25.50 28.50 27.40 29.20 28.97 28.05 28.53
   FeO   0.35 0.65 0.53 0.79 0.62 0.63 0.44
   MnO   0.02 0.00 0.02 0.02 0.00 0.02 0.04
   MgO   0.02 0.05 0.07 0.11 0.07 0.07 0.04
   CaO   8.45 12.01 10.21 12.58 11.79 11.34 11.74
   Na2O  6.48 4.52 5.19 4.03 4.49 4.69 4.58
   K2O   0.36 0.20 0.28 0.14 0.21 0.20 0.16
   TiO2  0.00 0.05 0.01 0.00 0.02 0.03 0.00
  Total  99.35 99.37 98.96 99.05 98.75 98.98 99.29
O= 8 8 8 8 8 8 8
Si 2.62 2.44 2.52 2.40 2.42 2.47 2.45
Al 1.36 1.53 1.47 1.58 1.57 1.51 1.53
Fe 0.01 0.03 0.02 0.03 0.02 0.02 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.01 0.00 0.01 0.00
Ca 0.41 0.59 0.50 0.62 0.58 0.56 0.57
Na 0.57 0.40 0.46 0.36 0.40 0.42 0.40
K 0.02 0.01 0.02 0.01 0.01 0.01 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 4.99 5.00 4.99 5.00 5.01 4.99 4.99
Ca/(Ca+Na) 0.42 0.60 0.52 0.63 0.59 0.57 0.59
An 42 60 52 63 59 57 59
(ppm)
Sr 495 655 738 630 681 788 529
Y 0.49 0.41 0.40 0.33 0.39 0.49 0.97
Ba 210 98 135 68 86 98 88
La 7.08 2.67 4.41 1.65 2.70 3.10 2.94
Ce 9.82 4.76 7.32 3.15 4.53 5.01 6.34
Eu 1.60 0.98 1.78 0.79 1.14 1.08 1.51
Pb 7.90 3.67 4.38 2.11 3.49 3.04 4.50
87Sr/86Sr 0.70496 0.70472 0.70489 0.70470 0.70478 0.70475 0.70488
2SE 0.00009 0.00005 0.00007 0.00006 0.00004 0.00004 0.00005
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Osumi Peninsula (pumice)
Grain O8r O9c O9r F1c F1r F4c F4r
(wt.%)
   SiO2  57.97 58.85 59.63 47.21 53.57 53.10 55.29
   Al2O3 26.43 24.96 24.91 32.83 28.04 29.07 27.43
   FeO   0.41 0.31 0.26 0.62 0.52 0.64 0.51
   MnO   0.02 0.03 0.03 0.00 0.01 0.00 0.00
   MgO   0.03 0.02 0.01 0.07 0.07 0.05 0.05
   CaO   8.82 7.68 7.40 15.65 11.02 11.92 10.18
   Na2O  6.26 6.81 6.88 2.03 4.59 4.33 5.20
   K2O   0.26 0.39 0.59 0.05 0.16 0.16 0.26
   TiO2  0.01 0.00 0.00 0.00 0.03 0.03 0.00
  Total  100.21 99.05 99.72 98.46 98.01 99.31 98.93
O= 8 8 8 8 8 8 8
Si 2.59 2.66 2.67 2.20 2.47 2.42 2.52
Al 1.39 1.33 1.32 1.80 1.52 1.56 1.47
Fe 0.02 0.01 0.01 0.02 0.02 0.03 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Ca 0.42 0.37 0.36 0.78 0.54 0.58 0.50
Na 0.54 0.60 0.60 0.18 0.41 0.38 0.46
K 0.02 0.02 0.03 0.00 0.01 0.01 0.02
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 4.99 4.99 4.99 5.00 4.98 4.99 4.98
Ca/(Ca+Na) 0.44 0.38 0.37 0.81 0.57 0.60 0.52
An 44 38 37 81 57 60 52
(ppm)
Sr 551 500 504 608 721 637 758
Y 0.60 0.43 0.59 0.39 1.48
Ba 141 234 270 43 103 86 143
La 5.47 6.27 6.58 1.02 3.21 2.14 4.10
Ce 9.46 9.83 10.47 2.59 5.64 3.64 7.04
Eu 1.49 1.67 1.19 0.53 1.43 1.04 1.44
Pb 4.76 8.48 8.08 2.48 3.33 3.66 5.13
87Sr/86Sr 0.70480 0.70492 0.70521 0.70479 0.70470 0.70463 0.70473
2SE 0.00004 0.00005 0.00008 0.00006 0.00007 0.00006 0.00006
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Takeshima (scoria)
Grain B12c B12r B19c B19r B21c B21r B26c
(wt.%)
   SiO2  47.81 48.08 47.70 47.49 54.09 52.61 47.85
   Al2O3 32.09 31.72 31.96 31.86 27.37 28.87 32.63
   FeO   0.94 0.85 0.85 0.89 0.70 0.60 0.82
   MnO   0.01 0.02 0.02 0.00 0.02 0.01 0.00
   MgO   0.08 0.09 0.08 0.08 0.10 0.08 0.08
   CaO   15.93 15.82 16.19 15.83 10.92 12.43 16.24
   Na2O  2.35 2.38 2.23 2.32 4.88 4.26 2.11
   K2O   0.08 0.09 0.07 0.08 0.23 0.16 0.07
   TiO2  0.03 0.00 0.00 0.00 0.03 0.01 0.00
  Total  99.31 99.06 99.09 98.55 98.33 99.02 99.80
O= 8 8 8 8 8 8 8
Si 2.22 2.23 2.22 2.22 2.49 2.41 2.20
Al 1.75 1.73 1.75 1.75 1.48 1.56 1.77
Fe 0.04 0.03 0.03 0.04 0.03 0.02 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.79 0.79 0.81 0.79 0.54 0.61 0.80
Na 0.21 0.21 0.20 0.21 0.44 0.38 0.19
K 0.01 0.01 0.00 0.01 0.01 0.01 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 5.02 5.01 5.01 5.02 4.99 5.00 5.01
Ca/(Ca+Na) 0.79 0.79 0.80 0.79 0.55 0.62 0.81
An 79 79 80 79 55 62 81
(ppm)
Sr 587 548 531 565 638 652 588
Y 0.18 0.27 0.34 0.21 0.48 0.28 0.44
Ba 40 33 38 35 97 76 36
La 1.48 1.24 1.14 1.27 3.28 2.45 1.54
Ce 2.21 2.19 2.07 2.43 5.30 3.99 2.68
Eu 0.37 0.40 0.38 0.47 1.07 1.17 0.49
Pb 1.44 1.43 1.72 1.68 2.83 4.04 1.38
87Sr/86Sr 0.70462 0.70458 0.70453 0.70456 0.70449 0.70450 0.70462
2SE 0.00005 0.00004 0.00006 0.00006 0.00004 0.00004 0.00006
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Takeshima (scoria)
Grain B26r B29c B30c B30r B6c B6r C11c
(wt.%)
   SiO2  47.17 48.72 48.74 48.53 50.60 51.94 48.09
   Al2O3 32.44 31.29 31.43 31.48 30.30 29.40 32.63
   FeO   0.83 0.90 0.87 0.83 0.80 0.88 0.83
   MnO   0.00 0.02 0.01 0.00 0.01 0.02 0.03
   MgO   0.04 0.09 0.09 0.11 0.09 0.10 0.07
   CaO   16.34 15.12 15.16 15.46 14.04 13.03 16.52
   Na2O  2.04 2.71 2.62 2.57 3.26 3.89 2.21
   K2O   0.08 0.08 0.09 0.07 0.13 0.14 0.06
   TiO2  0.03 0.04 0.03 0.03 0.01 0.02 0.03
  Total  98.98 98.98 99.04 99.10 99.23 99.42 100.46
O= 8 8 8 8 8 8 8
Si 2.19 2.26 2.26 2.25 2.33 2.38 2.20
Al 1.78 1.71 1.72 1.72 1.64 1.59 1.76
Fe 0.03 0.04 0.03 0.03 0.03 0.03 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.81 0.75 0.75 0.77 0.69 0.64 0.81
Na 0.18 0.24 0.24 0.23 0.29 0.35 0.20
K 0.01 0.01 0.01 0.00 0.01 0.01 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 5.01 5.01 5.01 5.01 5.00 5.00 5.02
Ca/(Ca+Na) 0.82 0.76 0.76 0.77 0.70 0.65 0.81
An 82 76 76 77 70 65 81
(ppm)
Sr 633 533 585 576 597 623 503
Y 0.13 0.51 0.45 0.46 0.31 0.49 0.53
Ba 27 43 52 39 44 45 30
La 0.96 1.35 1.76 1.42 1.32 1.60 1.12
Ce 1.78 2.73 2.86 2.23 2.36 2.63 1.89
Eu 0.54 0.50 0.66 0.33 0.60 0.37 0.37
Pb 1.49 1.68 1.77 1.52 1.78 1.83 1.42
87Sr/86Sr 0.70477 0.70450 0.70441 0.70462 0.70460 0.70466 0.70478
2SE 0.00009 0.00005 0.00006 0.00005 0.00005 0.00004 0.00008
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Takeshima (scoria)
Grain C11r C13c C13r C17c C17r C1c C3c
(wt.%)
   SiO2  47.91 50.86 51.88 47.54 47.62 48.92 47.09
   Al2O3 33.05 30.81 30.21 33.18 32.97 32.19 33.36
   FeO   0.88 0.70 0.81 0.81 0.80 0.85 0.75
   MnO   0.00 0.02 0.00 0.00 0.00 0.00 0.02
   MgO   0.07 0.08 0.08 0.07 0.07 0.08 0.07
   CaO   16.74 14.02 13.18 16.90 16.74 15.77 17.03
   Na2O  2.15 3.53 4.06 1.98 2.02 2.68 1.79
   K2O   0.03 0.12 0.12 0.06 0.03 0.07 0.04
   TiO2  0.04 0.05 0.03 0.00 0.05 0.02 0.00
  Total  100.87 100.18 100.38 100.53 100.29 100.58 100.14
O= 8 8 8 8 8 8 8
Si 2.19 2.32 2.36 2.18 2.19 2.23 2.17
Al 1.78 1.66 1.62 1.79 1.78 1.73 1.81
Fe 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.82 0.69 0.64 0.83 0.82 0.77 0.84
Na 0.19 0.31 0.36 0.18 0.18 0.24 0.16
K 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 5.02 5.01 5.02 5.02 5.01 5.02 5.01
Ca/(Ca+Na) 0.81 0.69 0.64 0.83 0.82 0.77 0.84
An 81 69 64 83 82 77 84
(ppm)
Sr 542 562 717 598 551 584 553
Y 0.44 0.95 0.10 0.07 0.41
Ba 34 46 70 36 21 33 19
La 1.10 1.15 2.10 1.11 0.63 1.19 0.63
Ce 1.51 2.00 3.88 1.85 1.17 2.45 1.14
Eu 0.29 0.35 0.72 0.41 0.33 0.58 0.26
Pb 1.43 1.91 1.92 1.45 1.37 1.66 1.92
87Sr/86Sr 0.70467 0.70461 0.70475 0.70482 0.70481 0.70459 0.70473
2SE 0.00011 0.00008 0.00007 0.00007 0.00008 0.00006 0.00005
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Takeshima (scoria)
Grain C3r C4c C5c C5r C6c C6r G12c
(wt.%)
   SiO2  53.56 50.46 54.08 54.27 53.82 53.19 48.79
   Al2O3 29.37 31.37 28.58 28.91 28.85 29.39 31.62
   FeO   0.70 0.89 0.58 0.66 0.64 0.77 0.80
   MnO   0.00 0.00 0.02 0.02 0.02 0.03 0.00
   MgO   0.12 0.07 0.08 0.08 0.07 0.09 0.08
   CaO   12.28 14.60 11.93 11.63 12.02 12.47 15.06
   Na2O  4.61 3.24 4.71 4.79 4.71 4.54 2.49
   K2O   0.14 0.08 0.17 0.15 0.18 0.15 0.07
   TiO2  0.04 0.03 0.04 0.00 0.01 0.06 0.01
  Total  100.82 100.72 100.18 100.52 100.32 100.69 98.92
O= 8 8 8 8 8 8 8
Si 2.41 2.29 2.45 2.45 2.43 2.40 2.26
Al 1.56 1.68 1.52 1.54 1.54 1.57 1.73
Fe 0.03 0.03 0.02 0.03 0.02 0.03 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.59 0.71 0.58 0.56 0.58 0.60 0.75
Na 0.40 0.29 0.41 0.42 0.41 0.40 0.22
K 0.01 0.01 0.01 0.01 0.01 0.01 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 5.01 5.01 5.00 5.00 5.01 5.02 4.99
Ca/(Ca+Na) 0.60 0.71 0.58 0.57 0.59 0.60 0.77
An 60 71 58 57 59 60 77
(ppm)
Sr 727 650 698 728 665 701 560
Y 0.53 0.51 0.17 0.70 0.34
Ba 65 50 103 105 98 114 38
La 1.55 1.09 2.38 3.24 2.57 3.92 1.22
Ce 3.32 2.99 4.08 5.63 4.82 6.43 2.39
Eu 0.56 0.52 1.07 1.46 1.12 1.37 0.41
Pb 3.12 2.44 4.26 3.13 4.18 3.69 1.44
87Sr/86Sr 0.70478 0.70483 0.70461 0.70461 0.70465 0.70473 0.70475
2SE 0.00004 0.00006 0.00005 0.00005 0.00006 0.00005 0.00006
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Takeshima (scoria)
Grain G12r G13c G13r G14c G4c G4r G5c
(wt.%)
   SiO2  49.65 47.74 48.90 48.40 48.44 48.65 49.27
   Al2O3 31.56 32.03 31.24 31.92 32.17 31.71 31.51
   FeO   0.80 0.88 0.89 0.80 0.76 0.89 0.82
   MnO   0.01 0.00 0.00 0.01 0.00 0.00 0.00
   MgO   0.08 0.08 0.08 0.09 0.08 0.08 0.09
   CaO   14.87 15.70 14.76 15.32 15.46 15.40 15.07
   Na2O  2.78 2.11 2.68 2.31 2.27 2.36 2.62
   K2O   0.07 0.06 0.11 0.05 0.04 0.05 0.08
   TiO2  0.01 0.00 0.05 0.04 0.00 0.03 0.02
  Total  99.83 98.60 98.71 98.93 99.21 99.16 99.47
O= 8 8 8 8 8 8 8
Si 2.28 2.22 2.27 2.24 2.24 2.25 2.27
Al 1.71 1.76 1.71 1.74 1.75 1.73 1.71
Fe 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.73 0.78 0.73 0.76 0.77 0.76 0.74
Na 0.25 0.19 0.24 0.21 0.20 0.21 0.23
K 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 5.00 5.00 5.00 4.99 4.99 4.99 5.00
Ca/(Ca+Na) 0.75 0.80 0.75 0.79 0.79 0.78 0.76
An 75 80 75 79 79 78 76
(ppm)
Sr 636 556 581 562 506 532 598
Y 0.35 0.26 0.26 1.35 0.39
Ba 50 43 46 31 30 37 40
La 1.36 1.05 1.37 1.04 1.66 1.40 1.02
Ce 2.75 2.37 2.68 2.37 1.81 2.39 2.42
Eu 0.50 0.45 0.53 0.40 0.13 0.33 0.34
Pb 1.91 1.71 1.19 1.12 1.10 1.29 1.75
87Sr/86Sr 0.70471 0.70466 0.70460 0.70473 0.70466 0.70464 0.70486
2SE 0.00008 0.00009 0.00006 0.00006 0.00006 0.00010 0.00007
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Table. 3.4. (continue) 
 
  
Sample Tk-Ky pfd at Takeshima (scoria)
Grain G5r G6c G8c G8r G9c G9r
(wt.%)
   SiO2  50.10 50.52 48.24 49.58 48.04 47.57
   Al2O3 31.06 30.71 31.93 30.81 31.87 31.83
   FeO   0.81 0.80 0.91 0.85 0.78 0.79
   MnO   0.01 0.00 0.00 0.00 0.00 0.00
   MgO   0.12 0.09 0.08 0.09 0.07 0.07
   CaO   14.39 13.97 15.58 14.27 15.53 15.71
   Na2O  2.95 3.14 2.28 3.04 2.31 2.10
   K2O   0.09 0.10 0.05 0.10 0.04 0.06
   TiO2  0.05 0.04 0.05 0.03 0.00 0.00
  Total  99.57 99.37 99.12 98.78 98.64 98.12
O= 8 8 8 8 8 8
Si 2.30 2.32 2.23 2.30 2.23 2.22
Al 1.68 1.66 1.74 1.68 1.75 1.76
Fe 0.03 0.03 0.04 0.03 0.03 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.71 0.69 0.77 0.71 0.77 0.79
Na 0.26 0.28 0.20 0.27 0.21 0.19
K 0.01 0.01 0.00 0.01 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00
total 4.99 4.99 5.00 5.00 5.00 5.00
Ca/(Ca+Na) 0.73 0.71 0.79 0.72 0.79 0.81
An 73 71 79 72 79 81
(ppm)
Sr 602 629 545 583 627 590
Y 0.13 1.34 0.35
Ba 39 53 44 45 38 37
La 1.62 1.89 1.26 1.30 1.72 1.39
Ce 2.43 2.24 2.69 2.56 2.83 2.43
Eu 0.53 0.58 0.62 0.39 0.48 0.40
Pb 2.05 1.81 1.39 1.50 1.58 1.27
87Sr/86Sr 0.70473 0.70465 0.70459 0.70459 0.70458 0.70464
2SE 0.00006 0.00006 0.00007 0.00006 0.00007 0.00007
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Fig. 3.7. Trace element concentrations in plagioclase phenocrysts in pumice 
and scoria as a function of anorthite content.  
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Fig. 3.7. (continue) 
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Fig. 3.8. The An vs 87Sr/86Sr diagram of plagioclase phenocrysts in pumice 
and scoria. (a) exhibits plagioclase core, and (b) exhibits plagioclase rim,  
plagioclase core in pumice (orange-shaded field) and plagioclase core in 
scoria (grey-shaded field). 
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3-4-3 Plagioclase textures and zoning profiles 
 
Representative textures and zoning patterns of plagioclase in pumice and 
scoria are shown in Fig. 3.8. 
Typical plagioclase phenocrysts in pumice have core with ~An60 and show 
normally zoning or weak oscillatory zoning within An50-60 toward rim ((a) in 
Fig. 3.8). 87Sr/86Sr at core is substantially akin to that at rim. 
Plagioclase phenocrysts having high-An core in pumice commonly show 
the texture which is mingled with the higher-An (>An70) and lower-An 
(<An70) zone ((b) and (c) in Fig. 3.8). The lower-An zone is sometimes 
enclosed by the higher-An zone ((c) in Fig. 3.8). 87Sr/86Sr at core and rim is 
substantially constant. In addition, 87Sr/86Sr of higher-An zone in core is 
indistinguishable from that of lower-An zone. 
Only two plagioclase crystals having low-An core in pumice show rounded 
corners and alteration along cracks in the crystals is recognized ((d) in Fig. 
3.8). This type of plagioclase crystals shows oscillatory zoning within An30-50, 
which is clearly different from other plagioclase crystals in products at 
Kikai-Akahoya eruption. 87Sr/86Sr is slightly higher than other plagioclase 
phenocrysts in pumice. 
  Plagioclase phenocrysts in scoria commonly exhibit oscillatory zoning 
within An70-80 ((e) and (f) in Fig. 3.8). B-30 has the lowest 87Sr/86Sr at core 
and increase 87Sr/86Sr at rim. Plagioclase phenocrysts in scoria sometimes 
have a core showing oscillatory zoning within An60-80 and exhibit lower An 
((f) in Fig. 3.8). 
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Fig. 3.9. 
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Fig. 3.9. (a) – (d) show plagioclase phenocrysts in pumice, and (e) – (f) show 
those in scoria. (a) Typical plagioclase phenocryst in pumice having core with 
~An60. (b) and (c) Plagioclase phenocrysts having high-An core which is 
mingled with lower-An zone. (d) Plagioclase phenocryst having low-An core. 
(e) Plagioclase phenocryst having the lowest 87Sr/86Sr of core. (f) Plagioclase 
phenocryst having lower-An rim. 
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3-4-4 Temperature and pressure estimates of pumice and scoria 
 
  Temperatures and pressures for pumices and scoriae in Kikai-Akahoya 
eruption were calculated on the basis of two-pyroxene thermobarometer 
(Putirka, 2008) and Fe-Ti oxide geothermometer (Ghorso and Evans, 2008). 
Two equations 36 and 39 of Putirka (2008) based on the partitioning of 
enstatite and ferrosilite between coexisting clinopyroxene and orthopyroxene 
were applied to estimate temperatures and pressures. The Standard Error of 
Estimate (SEE) for equations 36 and 39 are ±56 ℃  and ±3.2 kbar, 
respectively. The Fe-Mg exchange coefficient KD(Fe-Mg)cpx-opx is used as a 
test for equilibrium between clinopyroxene and orthopyroxene and is 
experimentally determined equilibrium value of 1.09±0.14 (Putirka, 2008). 
Temperatures and pressures calculated by equilibrium pairs of 
clinopyroxene and orthopyroxene cores show 942 – 1010 ℃ and 4.5 – 6.5 
kbar for pumice, 985 – 1039 ℃ and 4.3 – 6.3 kbar for scoria ((a) in Fig. 3.8). 
Temperature of pumice is lower than scoria while pressure of pumice 
exhibits a similar range to scoria. 
  The method of Ghorso and Evans (2008) is applied to estimate 
temperature from coexisting magnetite and ilmenite under equilibrium. The 
necessary calculations were performed by spreadsheet of Hora et al. (2013). 
To test for equilibrium between coexisting Fe-Ti oxides, partitioning of Mg 
and Mn between titanomagnetite and ferrian ilmenite was done. 
Temperature exhibit 946 – 958 ℃ for pumice ((b) in Fig. 3.8). Scoria cannot 
be estimated by this method due to absence of ilmenite. 
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Fig. 3.10. (a) Temperature (℃) and pressure (kbar) estimated by 
two-pyroxene thermobarometer (Putirka, 2008). The Standard Error of 
Estimate (SEE) for temperature and pressure are ±56 ℃ and ±3.2 kbar, 
respectively. The pairs of two-pyroxene core meet equilibrium value 
(KD(Fe-Mg)cpx-opx  = 1.09±0.14). (b) Temperature estimated by two-pyroxene 
thermobarometer (Putirka, 2008) and Fi-Ti oxide geothermometer (Ghorso 
and Evans, 2008).  
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Chapter 4 : Discussion 
 
  Plagioclase cores in scoriae exhibit a wide range of 87Sr/86Sr (0.7044 – 48) 
within An70-80 (Fig. 3.7), suggesting that andesitic magma bearing scoriae is 
derived from at least two sources with different 87Sr/86Sr. In contrast, 
plagioclase cores and rims in pumices exhibit more homogeneous 87Sr/86Sr 
(0.7047 – 48) regardless of anorthite content (Fig. 3.7). In order to relate the 
plagioclase archive to actual magmatic processes, Sr and Ba concentrations 
of melts that crystallized plagioclase in pumice and scoria at the 7.3 ka 
Kikai-Akahoya eruption need to be calculated based on partition coefficients 
between plagioclase and melt. Thus it is important to apply the most suitable 
partition coefficients. 
 
4-1 The choice of partition coefficient 
Blundy and Wood (1991) used experimental and natural data from a wide 
range of plagioclase and melt compositions and derived the following 
expressions for the relationship between anorthite mole fraction (XAn) and 
partition coefficients of Sr and Ba (DSr and DBa): 
RT ln DSr  = 26,800 － 26,700・XAn         (Eqn 1) 
RT ln DBa  = 10,200 － 38,200・XAn         (Eqn 2) 
where R is the gas content (8.3145 J mol-1 K-1), and T is temperature (K). 
Bindeman et al. (1998) derived the relationship for the partitioning of Sr and 
Ba, but their expressions slightly differ from that of Blundy and Wood (1991) 
((a) in Fig. 4.1). The DSr and DBa based on Bindeman et al. (1998) exhibit 
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higher value toward lower anorthite content than those based on Blundy and 
Wood (1991). It is probably caused by the difference of compositional ranges 
which Bindeman et al. (1998) and Blundy and Wood (1991) used. Bindeman 
et al. (1998) used experimental and natural data from a narrower range of 
plagioclase and melt compositions ( 0.4 < XAn < 0.8). Therefore, the DSr and 
DBa values based on Bindeman et al. (1998) are likely to be overestimated as 
compared to those based on Blundy and Wood (1991). This study used Eqn. 
(1) and (2) based on Blundy and Wood (1991) for calculating the partition 
coefficients of Sr and Ba. Temperature is determined by two-pyroxene 
thermometer: 960 ℃ in pumice and 1020 ℃ in scoria (Fig. 3.9). (b) in Fig. 
4.1 suggests that the effect on temperature differences for calculating the 
partition coefficients is very small. Sr and Ba concentrations in melt 
calculated by using partition coefficients (Blundy and Wood, 1991) are shown 
in Table. 4.1. 
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Fig. 4.1. (a) The comparison of the partition coefficients for Sr and Ba 
between Blundy and Wood (1991) and Bindeman et al. (1998). (b) The 
comparison of the partition coefficients for Sr and Ba between 980℃ and 
1020℃ based on Blundy and Wood (1991).   
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4-2 Identification of endmember melts 
 
The correlation between 87Sr/86Sr and Sr concentrations of melts in 
equilibrium with plagioclase cores and rims in pumice and scoria are shown 
in Fig. 4.2. The morphology, zoning pattern and geochemistry of the low-An 
plagioclase in pumice clearly exhibit characteristics different from other 
plagioclase phenocrysts. These observations suggest that low-An 
plagioclases are xenocryst from upper crust during the eruption. Therefore, 
they will not be dealt with in subsequent discussions. 
On this diagram, at least there endmember melts can be successfully 
identified (Fig. 4.2). The highest 87Sr/86Sr and Sr-rich mafic melt (M1 in Fig. 
4.2), with the highest 87Sr/86Sr (0.7047 – 48) and ~400 ppm Sr, can crystallize 
high-An plagioclase core with An80-88 in both pumice and scoria. The Sr-poor 
felsic melt (F1 in Fig. 4.2), with the highest 87Sr/86Sr (0.7047 – 48) and ~200 
ppm Sr, can crystallize plagioclase core and rim with An50-60 in pumice. The 
lowest 87Sr/86Sr mafic melt (M0 in Fig. 4.2), with the lowest 87Sr/86Sr 
(~0.7044) and ~320 ppm Sr, can crystallize plagioclase core with An75 in 
scoria. The melt compositions in equilibrium with plagioclase cores in 
pumice and scoria concentrate with the inside of mixing line among M1, F1 
and M0 (Fig. 4.2), suggesting that magmas bearing pumice and scoria is 
composed of M1, F1 and M0 melts. In addition, the melt compositions in 
equilibrium with plagioclase rims in pumice are akin to F1, suggesting that 
F1 is the voluminous felsic melt that filled the magma chamber immediately 
before the eruption. 
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The correlation between 87Sr/86Sr and Sr concentrations of melts in 
equilibrium with plagioclase cores in pumice and scoria can be examined for 
mixing processes. Melts in equilibrium with plagioclase cores in scoria is on 
mixing line between M0 and M1 and is accompanied by a change of 87Sr/86Sr 
(Fig. 4.2). This can be explained by mixing between M0 and M1 derived from 
two sources with different 87Sr/86Sr. The variation of Sr concentration in 
melts in equilibrium with plagioclase cores in scoria may be caused by 
fractionation crystallization or mixing between F1 and mixed melts (M1 + 
M0). A part of melts in equilibrium with plagioclase cores in pumice 
increases in 87Sr/86Sr with decreasing in Sr from M0 toward F1 (Fig. 4.2), 
suggesting mixing between F1 and M0. In contrast, the variation of Sr 
concentration without changing 87Sr/86Sr from M1 toward F1 is likely to 
result from the following three processes: (1) fractional crystallization of M1, 
(2) difference of melting degree and (3) mixing between F1 and M1. In 
considering the genesis of voluminous F1 melt, (1) and (2) processes need to 
be verified. 
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Table. 4.1. Partition coefficient and Sr and Ba concentrations of calculated 
melts in equilibrium with plagioclase cores and rims in pumice and scoria.  
   
sample Fk-fl (pumice)
grain F10c F10r F6c F6r N10c N10r N1c N1r N3c
An 0.62 0.54 0.58 0.54 0.57 0.53 0.62 0.54 0.58
partition coefficient (Blundy & Wood, 1991)
D(Sr) 2.74 3.26 3.02 3.32 3.07 3.38 2.72 3.26 3.01
D(Ba) 0.27 0.36 0.31 0.37 0.32 0.38 0.27 0.36 0.31
calculated melt(ppm)
Sr 226 230 239 227 255 251 244 241 214
Ba 311 319 283 310 418 351 358 382 248
sample Fk-fl (pumice) Tk-Ky pfd
grain N3r N4c N4m N4r N5c N5r N7c N7r Ap1c
An 0.55 0.57 0.77 0.54 0.62 0.53 0.56 0.51 0.68
partition coefficient (Blundy & Wood, 1991)
D(Sr) 3.17 3.10 1.82 3.28 2.71 3.41 3.17 3.53 2.35
D(Ba) 0.35 0.32 0.15 0.37 0.27 0.39 0.33 0.41 0.22
calculated melt(ppm)
Sr 234 200 360 246 262 227 242 218 246
Ba 366 349 381 385 349 328 392 335 359
sample Tk-Ky pfd at Takeshima (pumice)
grain Ap1m Ap1r Ap21c Ap21r Ap22c Ap22r Ap26c Ap26r Ap2c
An 0.62 0.52 0.69 0.56 0.88 0.50 0.76 0.54 0.81
partition coefficient (Blundy & Wood, 1991)
D(Sr) 2.70 3.45 2.26 3.10 1.37 3.66 1.87 3.25 1.66
D(Ba) 0.27 0.40 0.21 0.34 0.10 0.43 0.16 0.36 0.13
calculated melt(ppm)
Sr 218 197 274 212 414 185 261 219 308
Ba 364 346 416 310 454 310 607 278 546
sample Tk-Ky pfd at Takeshima (pumice)
grain Ap2r Ap8c Ap8r F12c F12r F14c F14r F18c F18r
An 0.54 0.75 0.49 0.68 0.53 0.67 0.48 0.71 0.55
partition coefficient (Blundy & Wood, 1991)
D(Sr) 3.32 1.92 3.74 2.34 3.34 2.42 3.79 2.14 3.21
D(Ba) 0.37 0.16 0.44 0.22 0.38 0.23 0.45 0.19 0.36
calculated melt(ppm)
Sr 208 317 187 298 224 236 192 298 227
Ba 312 431 295 399 279 294 288 354 311
sample Tk-Ky pfd at Takeshima (pumice)
grain R10c R10r R12c R12r R13c R13r R20r R2c R4c
An 0.64 0.55 0.58 0.56 0.53 0.56 0.53 0.57 0.87
partition coefficient (Blundy & Wood, 1991)
D(Sr) 2.57 3.20 3.02 3.14 3.46 3.15 3.39 3.07 1.41
D(Ba) 0.25 0.35 0.31 0.35 0.38 0.35 0.39 0.32 0.10
calculated melt(ppm)
Sr 231 223 211 226 187 213 194 215 358
Ba 259 315 321 337 349 301 338 349 434
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Table. 4.1. (continue) 
 
  
sample Tk-Ky pfd at Osumi Peninsula (pumice)
grain R4r R6c R6r O10c O10r O11c O11r O13c O13r
An 0.58 0.58 0.54 0.53 0.52 0.50 0.47 0.67 0.51
partition coefficient (Blundy & Wood, 1991)
D(Sr) 2.98 3.01 3.28 3.40 3.45 3.76 3.93 2.36 3.57
D(Ba) 0.32 0.31 0.37 0.37 0.39 0.43 0.48 0.22 0.41
calculated melt(ppm)
Sr 259 200 228 201 219 195 191 294 202
Ba 319 283 315 301 271 441 319 463 348
sample Tk-Ky pfd at Osumi Peninsula (pumice)
grain O1c O1r O4c O5c O5r O8c O8r F1c F1r
An 0.60 0.52 0.63 0.59 0.57 0.59 0.44 0.81 0.57
partition coefficient (Blundy & Wood, 1991)
D(Sr) 2.90 3.45 2.63 2.92 3.02 2.97 4.26 1.66 3.04
D(Ba) 0.29 0.39 0.26 0.30 0.33 0.30 0.53 0.13 0.33
calculated melt(ppm)
Sr 226 214 240 233 261 178 129 367 237
Ba 333 342 265 288 299 288 264 321 311
sample Tk-Ky pfd at Takeshima (scoria)
grain F4c F4r B12c B12r B19c B19r B21c B21r B26c
An 0.60 0.52 0.79 0.79 0.80 0.79 0.55 0.62 0.81
partition coefficient (Blundy & Wood, 1991)
D(Sr) 2.84 3.45 1.70 1.72 1.65 1.70 3.06 2.61 1.62
D(Ba) 0.29 0.40 0.16 0.16 0.15 0.16 0.36 0.29 0.15
calculated melt(ppm)
Sr 225 220 344 319 321 333 208 250 363
Ba 301 362 256 210 254 227 269 265 245
sample Tk-Ky pfd at Takeshima (scoria)
grain B26r B29c B30c B30r B6c B6r C11c C11r C13c
An 0.82 0.76 0.76 0.77 0.70 0.65 0.81 0.81 0.69
partition coefficient (Blundy & Wood, 1991)
D(Sr) 1.59 1.85 1.82 1.79 2.10 2.41 1.64 1.61 2.20
D(Ba) 0.14 0.18 0.17 0.17 0.21 0.26 0.15 0.14 0.22
calculated melt(ppm)
Sr 397 287 321 322 284 258 307 336 256
Ba 190 243 302 234 207 174 202 237 206
sample Tk-Ky pfd at Takeshima (scoria)
grain C13r C17c C17r C1c C3c C3r C4c C5c C5r
An 0.64 0.83 0.82 0.77 0.84 0.60 0.71 0.58 0.57
partition coefficient (Blundy & Wood, 1991)
D(Sr) 2.46 1.56 1.57 1.81 1.50 2.75 2.06 2.84 2.91
D(Ba) 0.26 0.14 0.14 0.17 0.13 0.31 0.21 0.33 0.34
calculated melt(ppm)
Sr 292 384 350 323 368 264 316 245 250
Ba 264 260 150 194 148 209 244 317 313
70 
 
Table. 4.1. (continue) 
 
  
sample Tk-Ky pfd at Takeshima (scoria)
grain C6c C6r G12c G12r G13c G13r G14c G4c G4r
An 0.59 0.60 0.77 0.75 0.80 0.75 0.79 0.79 0.78
partition coefficient (Blundy & Wood, 1991)
D(Sr) 2.83 2.71 1.79 1.89 1.64 1.86 1.72 1.70 1.73
D(Ba) 0.32 0.30 0.17 0.18 0.15 0.18 0.16 0.16 0.16
calculated melt(ppm)
Sr 235 259 313 336 339 312 327 297 307
Ba 303 377 226 273 290 257 194 193 230
sample Tk-Ky pfd at Takeshima (scoria)
grain G5c G5r G6c G8c G8r G9c G9r
An 0.76 0.73 0.71 0.79 0.72 0.79 0.81
partition coefficient (Blundy & Wood, 1991)
D(Sr) 1.83 1.97 2.07 1.70 2.01 1.71 1.63
D(Ba) 0.17 0.19 0.21 0.16 0.20 0.16 0.15
calculated melt(ppm)
Sr 327 305 304 322 290 367 361
Ba 234 201 256 283 228 244 250
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Fig. 4.2. The correlation of 87Sr/86Sr and Sr concentration in melt in 
equilibrium with plagioclase core (a) and rim (b) in pumices and scoriae by 
calculating with partition coefficients of Blundy and Wood (1991). Orange- 
shaded field and grey-shaded field exhibit calculated core melt in pumice and 
scoria, respectively. 
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4-3 Generation of voluminous felsic melt 
 
Sr and Ba concentrations of melts in equilibrium with plagioclase cores in 
pumice and scoria and mineral vector diagram showing fractional 
crystallization trends for Sr and Ba concentrations of melts are shown on Fig. 
4.3. On the Sr vs Ba diagram, M1 can be divided into Ba-rich melt (M1P) and 
Ba-poor melt (M1S), with 300 – 400 ppm Ba and 150 – 250 ppm Ba, 
respectively. M1P and M1S can crystallize high-An cores in pumice and those 
in scoria, respectively. The mineral vector diagram (Fig. 4.3.b) suggests that 
the genesis of F1 cannot be explained by fractional crystallization of 
plagioclase from M1P because the fractional crystallization of plagioclase can 
be predicted to increase Ba concentration in melt with decreasing Sr 
concentration in melt. However, the variation of Sr concentration in melt in 
equilibrium with plagioclase cores in pumice may be explained by fractional 
crystallization of plagioclase from M1P. Although fractional crystallization of 
plagioclase from M1S seems to be possible to produce F1, this process may 
not be realistic because generation of more voluminous M1S than F1 is 
required. For example, the percentage of low-SiO2 glass (SiO2 ~65 wt.%) in 
the Akahoya ash fall and Takeshima-Koya pyroclastic-flow deposits is very 
small (<15 %)(Fujihara and Suzuki-Kamata, 2013). If voluminous M1S melt 
had been generated, the percentage of low-SiO2 glass should have increased. 
Therefore, the genesis of voluminous F1 should be considered in another 
process. 
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Fig. 4.3. (a) Sr and Ba concentrations of melts in equilibrium with 
plagioclase cores in pumice and scoria. M1 melt can be divided into Ba-rich 
M1P melt and Ba-poor M1S melt. (b) Mineral vector diagram showing 
fractional crystallization trends for Sr and Ba concentrations of melts. 
Arrows with mineral name exhibit fractional crystallization trends of melt 
compositions. Dots on the lines represent fractional crystallization every 
10%. 
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Crustal melting has been suggested as a reasonable model for the genesis 
of voluminous felsic magma (e.g. Huppart and Sparks, 1988). Annen and 
Sparks (2002) and Annen et al. (2006) suggested a model that 
mantle-derived basaltic magma emplaced into the lower crust and generate 
a deep crustal hot zone on the basis of the numerical simulations of heat 
transfer. The hot zone model suggests that two differentiated melts from 
distinct source can be generated by two processes: crystallization of 
mantle-derived magma, and melting of crustal rocks. This model may be able 
to generate M0, M1 (M1P and M1S) and voluminous F1. 
  87Sr/86Sr of F1 is akin to that of M1 and higher than that of M0. The hot 
zone model enables the following interpretation: F1 and M1 are the crustal 
melts resulting from melting of the mafic lower crustal materials, and M0 is 
the mantle-derived melt which heated the lower crust. The compositional 
gap between F1 and M1 can be explained by the different degree of partial 
melting of mafic lower crustal rocks (Annen et al., 2006). Although 87Sr/86Sr 
of the mantle and crustal materials in the Kikai caldera area has not 
identified, the lower crust can be predicted to be higher 87Sr/86Sr than the 
mantle because the lower crust is an aggregation of mantle-derived magma, 
and its 87Sr/86Sr is expected to increase as time passes. The mantle-derived 
basaltic rocks in the Okinawa Trough, which is a back-arc basin located in 
the Ryukyu arc-trench system, show lower 87Sr/86Sr of ~0.7037 to 0.7045 
(Honma et al., 1991; Shinjo, 1998; Shinjo et al., 1999) identical to that of M0 
(~0.7044), suggesting that M0 is likely to be derived from mantle. The mafic 
lower crustal rock has been observed in the northernmost part of the Ryukyu 
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Island Arc by geophysical investigation (Iwasaki et al., 1990), and their 
velocity structure suggests that the depth of the lower crust beneath the 
Kikai caldera is ~12 – 25 km. 
  In order to examine whether to be able to explain the Sr and Ba behaviors 
in melts by partial melting of the lower crustal mafic rock, geochemical 
modelling was performed based on several assumptions. Before the 
geochemical modelling, changes in mineral assemblages and melt 
composition over various degree of partial melting were assumed by 
rhyolite-MELTs program (Gualda et al., 2012). Their information is essential 
for the geochemical modelling. These calculated results are shown in Table. 
4.1. Calculated melt compositions at the lower degree of partial melting 
under the pressure of 7 kbar corresponding to the depth of the lower crust, 
temperature of 800 – 1300 ℃ and H2O = 0.1 – 1 wt.% are substantially 
identical to the bulk and glass major compositions of pumice (Fig. 4.4). A 
starting composition of partial melting is akin to Yahazuyama lava which is 
the most primitive rocks at the Pre-caldera stage (Fig. 4.4). Considering that 
87Sr/86Sr of Yahazuyama lava is 0.7048 – 50 identical to that of F1 and M1, 
these assumptions are reasonable. The bulk and glass major compositions of 
scoria cannot be directly generated at the higher degree of partial melting. 
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Fig. 4.4. Compositional changes of melt which is generated by partial 
melting and bulk and glass compositions of pumice and scoria. Color solid 
lines exhibit changes of melt composition according to the difference of water, 
deduced by rhyolite-MELTs. Starting compositions is akin to the most 
primitive basalt (Yahazuyama lavas) at pre-caldera stage.  
77 
 
Sr and Ba behavior in melts in equilibrium with plagioclase cores in 
pumice and scoria during partial melting was modeled using batch melting: 
𝐶𝐿 = 
𝐶0
(𝐷0+𝐹(1−𝑃))
        (Eqn 3) 
where F is fraction of melt produced in partial melting, D0 is the bulk 
partition coefficient at onset of melting, P is the bulk partition coefficient of 
the minerals which make up the melt, and CL and C0 are concentration of a 
trace element in liquid and in the original unmelted solid, respectively. 
Partition coefficients of Sr and Ba for clinopyroxene, orthopyroxene and 
garnet were adopted from Rollinson (2014) and plagioclase from Blundy and 
Wood (1991). Changes of mineral assemblage and melt composition at 
various degree of partial melting by using rhyolite-MELTs and Sr and Ba 
concentrations by batch melting model are shown in Table. 4.2 and Figure. 
4.5. Melt which is generated by partial melting decreases for Ba and is 
almost unchanged for Sr as melting progresses (Fig. 4.5). The proportion of 
plagioclase with higher DSr decreases as melting degree increases, resulting 
in Sr and Ba behavior is change. Sr and Ba concentrations of F1 can be 
produced at the lower degree of partial melting (F = 0.09 – 0.10). However, 
those of M1P and M1S cannot be directly produced at higher degree of partial 
melting. One possible process to generate the high-Sr melt (M1P and M1S) is 
fractional crystallization of clinopyroxene and orthopyroxene without 
crystallizing plagioclase from partial melt at higher melting degree (Fig. 
4.5.b). Experimental study suggests that fractional crystallization of 
clinopyroxene without crystallizing plagioclase can occur at more than 5 kbar, 
~1000℃ and H2O-saturated condition (Takagi et al., 2005). Two-pyroxene 
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thermometer in pumice and scoria exhibit temperature of ~1000 ℃ and 
pressure of ~4 – 6 kbar, suggesting that two pyroxene crystallized at deep 
depth, and fractional crystallization of their mineral was likely to generate 
M1S and M1P. The gap of Ba concentration between M1S and M1P may be 
able to be explained by fractional crystallization of plagioclase from 
fractionated melt as M1S due to the drop in pressure accompanying the rise. 
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Table. 4.2. The result of mineral assemblage and melt composition calculated 
by using rhyolite-MELTs and Sr and Ba concentrations in melt calculated by 
batch melting. Sr and Ba concentrations of F1 can be explained by partial 
melting at lower degree (F = 0.09 – 0.1) of the source rock with 259 ppm Sr 
and 50 ppm Ba, identical to Yahazuyama lavas, but slightly lower Ba. 
F(% melting) 0.09 0.1 0.17 0.29 0.36 0.46 0.59 0.76
Mineral assemblage
opx 0 0.07 0 0 0 0 0 0
cpx 0.38 0.38 0.6 0.63 0.65 0.69 0.76 0.97
plag 0.3 0.34 0.4 0.37 0.35 0.31 0.24 0.03
garnet 0.31 0.21 0 0 0 0 0 0
quartz 0.01 0 0 0 0 0 0 0
Temperature (℃) 850 925 1050 1125 1150 1175 1200 1225
Melt composition
SiO2 74.29 69.99 60.08 56.25 55.05 54.01 53.14 52.35
TiO2 0.42 0.63 1.12 1.43 1.4 1.29 1.13 0.95
Al2O3 15.25 17.1 19.77 19.02 18.92 18.98 19.16 19.38
Fe2O3 0.22 0.45 1.22 1.64 1.72 1.75 1.72 1.64
FeO 0.85 1.88 5.91 8.47 9.08 9.34 9.19 8.63
MgO 0.36 0.5 1.13 1.92 2.35 2.89 3.55 4.28
CaO 2.06 2.85 4.34 5.74 6.33 6.99 7.8 8.93
Na2O 4.08 4.41 4.91 4.58 4.37 4.11 3.81 3.44
K2O 2.47 2.19 1.53 0.95 0.78 0.64 0.51 0.4
Total 100 100 100 100 100 100 100 100
X An 0.33 0.42 0.55 0.59 0.62 0.65 0.67 0.72
H 2 O (wt.%) 6.70 4.81 3.02 1.72 1.38 1.10 0.86 0.66
density (g/cm 3 ) 2.32 2.38 2.51 2.61 2.64 2.66 2.68 2.70
Partition coefficient
D(Sr) opx 0.009 0.009 0.040 0.040 0.040 0.040 0.040 0.040
D(Ba) opx 0.003 0.003 0.013 0.013 0.013 0.013 0.013 0.013
D(Sr) cpx 0.516 0.516 0.060 0.060 0.060 0.060 0.060 0.060
D(Ba) cpx 0.131 0.131 0.026 0.026 0.026 0.026 0.026 0.026
D(Sr) plag 6.86 4.78 3.01 2.54 2.34 2.16 2.04 1.82
D(Ba) plag 0.77 0.56 0.37 0.35 0.33 0.30 0.29 0.26
D(Sr) garnet 0.015 0.015 0.012 0.012 0.012 0.012 0.012 0.012
D(Ba) garnet 0.017 0.017 0.023 0.023 0.023 0.023 0.023 0.023
D(Sr) quartz 0 0 0 0 0 0 0 0
D(Sr) quartz 0 0 0 0 0 0 0 0
Bulk partition coefficient
D(Sr) bulk 2.2598 1.8251 1.2391 0.9789 0.8586 0.7116 0.5364 0.1128
D(Ba) bulk 0.2869 0.2427 0.1653 0.1468 0.1311 0.1118 0.0895 0.0329
Calculated melt composition
CL (Sr) 239 234 225 216 209 196 177 139
CL (Ba) 299 271 204 141 119 97 78 60
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Fig. 4.5. (a) Sr and Ba concentrations in melt calculated by batch melting at 
various degree of partial melting. When F = 0.09 – 0.10, F1 can be generated 
by partial melting. M1S and M1P cannot be directly generated by partial 
melting. (b) The vector diagram showing fractional crystallization trend for 
cpx and opx. M1S can be explained by 40 – 50 % fractional crystallization of 
cpx and opx from original crustal melt in F = ~0.36. M1P may be generated 
by fractional crystallization of plagioclase from fractionated melt as M1S. 
81 
 
4-4  Magma generation model beneath the Kikai caldera at the 7.3 ka 
Kikai-Akahoya eruption 
 
  The model for magma generation at the 7.3 ka Kikai-Akahoya eruption 
described below is shown in Fig. 4.6.  
  The mantle-derived basaltic magma emplaced into lower crust generates 
“crustal hot zone” (Annen et al., 2005), resulting in crystallization of itself 
and partial melting of lower crust. Crystallization of mantle-derived basalt 
generates M0 melt with the lowest 87Sr/86Sr as the residual melt. The partial 
melting of lower crust generates low-SiO2 and high-SiO2 melts with the same 
87Sr/86Sr depending on the degree of partial melting: Ba-poor original M1 
melt and Sr-poor and Ba-rich F1 melt.  
F1, which is assumed to be H2O-rich (~ 6 – 7 wt.%) and lower density (~ 2.3 
g/cm3) melt by calculation of rhyolite-MELTs, can readily detach from the 
source and ascend rapidly. F1 melt begins to crystallize when it intersects its 
H2O-saturated liquidus at shallow depths or it is cooled by the surrounding 
crust under the lower temperature. At this stage, F1 melt may raise 87Sr/86Sr 
higher through the AFC process. In any case, the crystallization goes on, and 
F1 melt is likely to be stored as crystal mush (e.g. Bachmann and Bergantz, 
2008). Numerous F1 melt batch ascending from hot zone are accumulated in 
shallow levels and form a voluminous felsic magma reservoir consisting of 
crystal mush. This magma reservoir was likely to be formed at ~4 – 11 km, 
which was estimated by gas saturation pressure from volatile in melt 
inclusion (AIST, 2016). 
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Ba-poor original M1 melt with higher density (~ 2.6 g/cm3) than F1 melt 
ascends slowly and accumulate at deep level under the pressure of 4 – 6 kbar 
and H2O-saturated condition. H2O may be supplied from the hot zone due to 
crystallization of mantle-derived basalt. These condition favors fractional 
crystallization of clinopyroxene ±  orthopyroxene without crystallizing 
plagioclase at temperature of ~1000 ℃. Sr-rich and Ba-poor M1S melt is 
generated from Ba-poor original M1 melt through this process. The gap of Ba 
concentration between M1P and M1S melt may be able to be explained by 
fractional crystallization of plagioclase from fractionated melt as M1S due to 
the drop in pressure accompanying the rise.  
M1P melt ascents and emplaces into a voluminous felsic magma reservoir 
consisting of crystal mush. This process causes rejuvenation of the mush and 
simultaneously produces high-An plagioclase cores showing patchy zoning in 
pumice. The variation of Sr and Ba concentrations between F1 and M1P may 
be caused by crystallization of M1P due to cooling accompanying 
rejuvenation of the mush and/or mixing between F1 and M1P. M1P played an 
important role in turning mush into a voluminous magma chamber 
consisting of F1 melt. In addition to this, ascent of M1S melt contributed to 
the keeping of temperature in the magma chamber. As the ascent of M1S 
melts continues, a zoned magma chamber can be formed. 
Ascent of M0 melt is considered to have occurred after the formation of the 
zoned magma chamber because F1 melt in the upper zoned magma chamber 
is less affected by 87Sr/86Sr corresponding to M0 melt. Injection of H2O-richer 
M0 melt into the lower zoned magma chamber may be the trigger of eruption. 
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Mixing between M0 and M1S is likely to occur immediately before the 
eruption. Therefore, pumices were produced from F1 melt in the upper zoned 
magma chamber, and Scoriae were produced from mixed melt between M0 
and M1S in the lower zoned magma chamber.  
 
 
 
 
 
 
 
Fig. 4.6. A schematic model of the magma generation in the 7.3 ka 
Kikai-Akahoya eruption. A large volume of zoned magma chamber were 
formed immediately before eruption consisting of upper F1 melt and lower 
mixed melt between M0 and M1. Pumice was generated from upper F1 melt, 
and scoria was generated from lower mixed andesitic melt. 
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Chapter 5 : Concluding remarks  
 
In order to understand the genesis of a large volume of felsic magma, 
plagioclase microanalysis for pumice and scoria at the 7.3 ka Kikai-Akahoya 
eruption was performed. Melt compositions which crystallized plagioclase 
phenocrysts was calculated by using partition coefficient between plagioclase 
and melt. Sr isotope ratios and Sr and Ba concentrations of calculated melts 
led to the following conclusions: 
(1) The main voluminous felsic melt was directly produced by lower degree of 
deep crustal melting. Pumice was created from the magma composed of 
crustal felsic melts (F1). 
(2) Higher degree of deep crustal melting followed by fractional 
crystallization of cpx and opx produced endmember melt (M1) of mafic 
magma which created scoria. Two felsic and mafic melts formed a zoned 
magma chamber. 
(3) Melt with the lowest Sr isotope ratio (M0) was able to be interpreted as 
mantle-derived melt melting deep crustal materials. When this melt 
intruded into the zoned magma chamber, mixing between M1 and M0 
occurred. The mafic magma composed of mixed melt created scoria. 
  Intrusion of the mantle-derived melt into the zoned magma chamber may 
be a trigger causing Kikai-Akahoya eruption. Further detailed mineralogical 
and petrological studies of the pre-caldera felsic magma will be able to reveal 
when the voluminous felsic magma system leading to Kikai-Akahoya 
eruption began to be generated. 
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